Solid manure distribution patterns: effects of equipment, application, and modeling by Norman, Holly Ann
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2003 
Solid manure distribution patterns: effects of equipment, 
application, and modeling 
Holly Ann Norman 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Norman, Holly Ann, "Solid manure distribution patterns: effects of equipment, application, and modeling" 
(2003). Retrospective Theses and Dissertations. 19526. 
https://lib.dr.iastate.edu/rtd/19526 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Solid manure distribution patterns: Effects of equipment, application, and modeling 
by 
Holly Ann Norman 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Agricultural Engineering (Agricultural Power and Machinery) 
Program of Study Committee: 
Thomas L. Richard, Major Professor 
H. Mark Hanna 
Stewart W. Melvin 
John E. Sawyer 





Iowa State University 
This is to certify that the master's thesis of 
Holly Ann Norman 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
111 
Dedication 
I would like to dedicate this work to my parents, grandparents, siblings and friends. 





Table of Contents 
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .... v1 
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1x 
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. x 
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x1 
Chapter 1-Solid manure distribution patterns: Effects of equipment, application, and 
modeling................................................................................................. 1 
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
Spreader Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
Commercial fertilizer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
Manure spread patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
Manure Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 
Yield vs. Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 
Modeling............................................................................................. 6 
Particle size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 
Modeling......................................................................................... 7 
Coefficient of drag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 
Chapter 2-Solid manure distribution by rear- and side-delivery spreaders . . . . . . . . . . . . . . . . . . 13 
Literature Review. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 
Objectives............................................................................................. 15 
Methods and Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
Manure spreaders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
Horizontal-drum rear-delivery spreader . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
Two-beater, rear-delivery spreader . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 
Side-delivery spreader . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 
Distribution tray layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 
Tray layout for travel direction uniformity, Fall 2002 special experiment.......... 20 
Field layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 
Application rate calculations and statistical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 
Calculation of coefficient of variation for overlapped swaths . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 
Horizontal-drum, rear-delivery spreader fall 2000 . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. 26 
Two-beater, rear-delivery spreader spring 2001 . . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . .. .. . . .. .... 32 
Two-beater, read-delivery spreader fall 2001 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. . . . . .. . ... 33 
Rear-delivery spreader fall 2002 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 36 
Side-delivery spreader fall 2001 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 
Side-delivery spreader spring 2002 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 
Side-delivery spreader fall 2002 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 
Fall 2002 special experiment, travel direction vs. across swath uniformity............ 45 
Application rate and uniformity as affected by swath width . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 46 
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 
V 
Chapter 3-Particle size analysis and modeling of solid manure distribution . . . . . . . . . . . . . . . . . . . . . 53 
Introduction of Model ............................................................................... 53 
Model Literature Review .......................................................................... . 
Objectives ............................................................................................ . 
Methods and Materials ............................................................................ .. 
Field particle size collection .................................................................. . 
Design of the model ........................................................................... . 
Model correlation .............................................................................. . 
Results and Discussion ............................................................................ . 
Particle size separation ....................................................................... . 
Model check and discussion .................................................................. . 
Conclusions .......................................................................................... . 












Chapter 4-Solid manure application rate effects on com yield and characteristics . . . . . . . . . . . . . 73 
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 
Literature Review .................................................................................. . 
Objectives ........................................................................................... . 
Methods and Materials ............................................................................ . 
Results and Discussion ............................................................................ . 
Conclusions ......................................................................................... . 







Chapter 5-Overall conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 
Summary ............................................................................................. 81 
New Programs....................................................................................... 83 
Future Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 83 
Appendix A: Matlab code . . . . . .. . . . . . . . .. . .. . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . .. . . . . . . . .. . . . . . . . . . . . . . . . . 85 
Appendix B: Spring 2001 ................................................................................. 88 
Appendix C: Fall 2001 . . . . . . . . .. . .. . .. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . ... 89 
Appendix D: Spring 2002 ............................................................................... 90 
Appendix E: Fall 2002 . . . . . .. .. . . . . . . . . . . . . . . .. . .. . .. . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . .. . ... 91 
Appendix F: 6x6 test Fall 2002.. .. . .. . .. . .. . .. . . . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. .... .......... 92 
Appendix G: Application rate study Spring 2002 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 
Vl 
List of Figures 
Figure 2.1: Two-beater, rear-delivery spreader .......................................... 16 
Figure 2.2: Side-delivery spreader ......................................................... 16 
Figure 2.3: Diagram of the tray layout for the rear-delivery spreaders. 
Tray are spaced on 0.76 (2.5 ft) spacing........................................... 19 
Figure 2.4: Back-and-forth pattern, stating in the lower left and following 
to the upper right . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Figure 2.5: Racetrack overlapping: start at one and follow the arrows, 
no manure applied on the headlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 24 
Figure 2.6: Application rate for a single swath of horizontal-drum, 
rear-delivery spreader, beginning load phase of fast apron speed . . . . . . . . . . . . . . . 27 
Figure 2.7: Application rate for a single swath of horizontal-drum, 
rear-delivery spreader; middle load phase of fast apron speed . . . . . . . . . . . . . . . . . . . . . .. 27 
Figure 2.8: Application rate for a single swath of horizontal-drum, 
rear-delivery spreader; end load phase of fast apron speed . . . . . . . . . . . . . . . . . . . . . . . . . .. 28 
Figure 2.9: Application rate for a single swath of horizontal-drum, 
rear-delivery spreader; middle load phase of slow apron speed . . . . . . . . . . . . . . . . . . . . . 28 
Figure 2.10: Application rate for a 3.8 m overlap swath for middle 
of load fast apron speed, horizontal-drum, rear-delivery spreader, 
with racetrack overlap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 
Figure 2.11: Application rate for a 3.8 m overlap swath for a middle 
of the load fast apron speed, horizontal-drum, rear-delivery spreader, 
with back and forth overlap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 
Figure 2.12: Application rate for a six swath pass using apron speed 6 
of two-beater, rear-delivery spreader on 7.6 m spacing (CV of 79%).. .. . .. . .. . .. . .. 34 
Figure 2.13: Application rate for back-and-forth swath using apron 
speed 6 of two-beater, rear-delivery spreader on 3.8 m spacing (CV of 40%) ........ 34 
Figure 2.14: Application rate of a six swath pattern using apron speed 1 
for two-beater, rear-delivery spreader on 7.6m spacing (CV of 110%) . . . . . .. 35 
Figure 2.15: Back-and-forth swath for apron speed 1 of two-beater, 
rear-delivery spreader on 3.8m spacing (CV of 66%). ... . .. ... . . . . .. . .. . .. . . . . .. . .. . .. 35 
vu 
Figure 2.16: Swath for full gate/67° deflector position of side-delivery 
spreader on 22.6 swath (CV of37%)..... .. . .. . .. . .. . .. . .. . .. . ... .. . .. . .. . .. ... . .. . .. . .... 38 
Figure 2.17: Back-&-forth swath for full gate/67° deflector position 
of side-delivery spreader on 11.3 m spacing (CV of 41 %) . . . . . . . . . . . . . . . . . . . . . . . .. . .. 39 
Figure 2.18: Swath for half gate/90° deflector position of side-delivery 
spreader on 22.6m spacing (CV of 191 %) . . .. . .. . .. . .. ... . .. . .. . .. . . .. . . . .. ... . .. . ... . . 40 
Figure 2.19: Back-&-forth swath of half gate/90° deflector position 
of side-delivery spreader calculated for an overlapped 11.3m 
spacing (CV of 141 %) ....................................................................... 41 
Figure 2.20: Side-delivery spreader full gate opening, various deflector angles . . . 43 
Figure 2.21: Side-delivery spreader full gate opening/67° deflector position, 
back-and-forth on 11.3 spacing (CV of 72%) . . .. ... . .. . .. .... .. . .. . .. . .. . ... .. . .. . .. . ... 44 
Figure 2.22: Side-delivery spreader full gate opening/67° defector 
position, racetrack swath pattern on 11.3 m spacing (CV 63%).. .. . .. . ......... ... 44 
Figure 2.23: Coefficient of variation vs. swath width for a rear-delivery 
spreader, beaters 1 & 2 at apron speeds 3 & 6 (fall 2002).. ... .. . .. . .. . .. . .. ... . .. . .. 49 
Figure 2.24: Application rates vs. swath width for a rear-delivery spreader, 
beaters 1 or 2 at apron speeds 3 and 6 (fall 2002)................................ .. . .. 49 
Figure 2.25: Coefficient of variation vs. swath width, side-delivery, at 
various deflection angles (fall 2002)............... .. .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . ... 50 
Figure 2.26: Application rate vs. swath width, side-delivery spreader, 
at various deflection angles (fall 2002)............................................... .. 50 
Figure 3 .1: Free body diagram of forces action on each particle in flight . . . . . . . . . 59 
Figure 3.2: Graphical layout of equations in Simulink . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 
Figure 3.3: Cross-section of the beater, used to determine the angles ofrelease .. 63 
Figure 3.4: Cumulative amount of manure collected per particle size 
for each tray spacing from the beater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 
Vlll 
Figure 3.5: Average amount of collected manure for each particle 
size range, based on distance thrown from the center of the beater 
on a side delivery spreader . . . . . . . . . . . . . . . . . . . .. .. .. .. .. . .. .. . .. ... . ... . . ....... ...... .. . .. . . . . . ... .. .. . ... 67 
Figure 3.6: Average amounts of the different particle sized at each 
tray location for the rear-delivery spreader.............................................. 68 
Figure 3.7: Percent of total mass collected per distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 70 
IX 
List of Tables 
Table 2.1: Spreaders and experiments in which they were used ........................................... 15 
Table 2.2: Rear-delivery spreader tray layout for array experiment fall 2002 ................. 21 
Table 2.3: Side-delivery spreader tray layout for array ........................................... 21 
Table 2.4: Application rate and coefficient of variation of a horizontal-drum 
rear-delivery spreader on 7.6 m (25 ft) swath ................................................................... 26 
Table 2.5: Application rate and coefficient of variation of a horizontal-drum 
spreader on an overlapped 3.8 m (12.5 ft) swath .................................................................... 30 
Table 2.6: Application rate and coefficient of variation of a rear-delivery two-beater 
spreader on 7.6 m (25 ft) swath as a function ofload phase spring 2001 ............................... .32 
Table 2.7: Application rate and coefficient of variation of a rear-delivery two-beater 
spreader on 7.6 m (25 ft) swath as a function of apron speed spring 2001 ............................. 32 
Table 2.8: Application rate and coefficient of variation of a rear-delivery two-beater 
spreader on 7.6 m (25 ft) swath as a function of apron speed fall 2001 ................................. .33 
Table 2.9: Application rate and coefficient of variation of a rear-delivery spreader 
with one or two beaters on 7 .6 m (25 ft) swath as a function of apron speed fall 2002 .......... 36 
Table 2.10: Application rate and coefficient of variation of a side-delivery spreader 
on 22.8 m (75 ft) swath as a function of gate opening fall 2001 ............................................. 37 
Table 2.11: Application rate and coefficient of variation of a side-delivery spreader 
on 22.8 m (75 ft) swath as a function of deflector angle fall 2001 .......................................... 37 
Table 2.12: Application rate and coefficient of variation as a function of gate opening 
from a side-delivery spreader with a 22.9 m (75 ft) swath spring 2002 .................................. 42 
Table 2.13: Application rate and coefficient of variation as a function of deflector 
position from a side-delivery spreader with 22.9 m (75 ft) swath spring 2002 ...................... .43 
Table 2.14: Application rate and coefficient of variation as a function of deflector 
position from a side-delivery spreader with a 22.9 m (75 ft) swath fall 2002 ........................ .45 
Table 2.15: Average CV's for each of the rows and columns in the 6x6 array for 
the rear- and side-delivery spreaders .................................................................................. .46 
X 
Table 3.1: Maximum and minimum throw distances predicted by the model using 
a density of 400 kg/m3 for particles ......................................................................................... 69 
Table 4.1: Yield experiment fall 2002 treatments of application rates ................................... 78 
Xl 
Acknowledgments 
I would like to thank the Leopold Center for Sustainable Agriculture for the funding of this 
project. I would also like the thank Dr. H. Mark Hanna and Dr. Thomas L. Richard for their 
help and guidance as I worked on this project. I would also like to thank Dr. Stewart Melvin 
and Dr John E. Sawyer for serving on my committee. A special thanks to the farm crew of 
the Agricultural Engineering Research Center for all of their help and good nature. 
Xll 
Abstract 
Rear- and side-delivery solid manure spreaders were analyzed over four separate 
experiments. The main objectives were to evaluate different kinds of spreaders and to be 
able to give recommendations that would improve the performance of each kind of spreader. 
Other objectives were to look at how corn is affected by different application rates of 
manure, to evaluate the particle size distribution of each kind of spreader, and to model the 
throw distance of the spreaders. Solid beef manure was used for the evaluations. A visual 
basic program and a Matlab model were created to overlap spread patterns and to predict the 
throw distance of different particle sizes, respectively. A set of charts were created to 
determine the optimum swath width based on application rate and the coefficient of variation 
based on the spreader settings. Application rates of manure were economically analyzed to 
find the break even value of application. Conclusions include: 1) application rate can be 
improved through the use of overlapping, 2) application rates up to 25 metric ton/ha were 
found to be economically justifiable, and 3) large particles fell either close to the beater or at 
the end of the spread pattern while the smaller particles fell nearer to the beater. 
1 
Chapter 1- Solid manure distribution patterns: Effects of 
equipment, application and modeling 
Introduction 
There is economic benefit for farmers and the environment with the utilization of 
livestock manure. Input costs of producing higher yields of com are increasing, while the 
return per bushel remains the same, squeezing both farmers and rural economies. Utilization 
of livestock manure is one way that the input costs can be reduced. The prices of commercial 
fertilizers have increased over time, while the cost of handling manure has also gone up. The 
ability of farmers to use manure to replace commercial fertilizer would be a financial benefit 
if the manure is properly managed. By taking credit for the nutrients in manure, many 
farmers would be able to replace or reduce the amount of commercial fertilizer needed and 
therefore reduce the cost of production. There is a lack of knowledge in where nutrients are 
actually placed in the fields due to the non-uniformity of spread patterns from solid manure 
spreaders. While the basic reality of non-uniformity is quite visible, this problem has not 
been well quantified, nor have practical strategies been developed that farmers can use. 
The three main chapters of this thesis discuss solid manure spreader distribution, a 
model utilizing particle sizes to help determine the distance manure is thrown, and manure 
application rate effects on com. The distribution chapter describes the distribution patterns 
of both rear and side-delivery manure spreaders. It also analyzes the benefit of overlapping 
spread patterns. The third chapter creates and utilizes a mathematical model that predicts the 
distances that various particle sizes of manure are thrown. The fourth chapter details a field 
crop experiment where the yield response of com to different application rates of manure 
applied within a pattern were investigated. 
2 
A search of previous literature was conducted pertaining to the subject of solid 
manure spreader distribution. The results of the search have been broken down into three 
main categories: spreader distribution, yield vs. application, and modeling, with two of the 
main categories having subcategories. 
Spreader Distribution 
Commercial fertilizer 
The uniformity of commercial fertilizer application is important, as that is one 
standard against which solid manure spreading is likely to be judged. Accuracy of variable 
rate application of commercial fertilizer was investigated by Fulton et al. (2001). They found 
that variable rate application causes a change in the distribution pattern from a bell shape to a 
less desirable "w" shape. Broadcast fertilizer spreaders for commercial fertilizer application 
were tested by Grift and Hofstee (2002), using optical sensors to determine the spread 
pattern. The use of optical sensors for sensing the need of fertilizer at a particular spot in the 
field was developed by Needham et al. (2002). Yildirim and Kara (2003) concluded that 
vane height affected the coefficients of variation, which ranged from 7% to 20% for the 
application of triple super-phosphate. 
Manure spread patterns 
A common link between commercial fertilizer application and the application of solid 
manure is the spread patterns that are produced. Davis and Meyer (1998) compared two 
different ways of calibrating manure spreaders by analyzing the spread patterns. The two 
ways were use of the tarp method and the swath-and-width method. They found that neither 
3 
method was very good for spreader calibration and suggest that more work be done in the 
area of improving the spread pattern and overlapping of the swaths. Grift and Hofstee (2002) 
investigated the use of optical sensors helped to sense the spread pattern as the spreader is 
traveling in the field. The optical sensor recorded the diameter and velocity of individual 
particles of commercial fertilizer, which were then inputted into a ballistic model to predict 
the location of where the particle would fall, thus predicting the spread pattern. Taking into 
account the poor spread patterns of current poultry manure spreaders, a new applicator was 
developed and evaluated by Wilhoit et al. (1993a). The object was to design and implement 
a spreader that would be able to apply poultry manure in research plots at an even application 
rate across the whole plot. The objective was achieved with a spreader that is able to apply 
manure in research plots with a low coefficient of variation, although this coefficient of 
variation was not reported. Wilhoit et al. (1993b) also evaluated a centrifugal-type poultry 
litter spreader. They recommended smaller swath spacing than what the manufacturer 
recommended, based on the minimum coefficient of variation. Pezzi and Rondelli (2002) 
evaluated a prototype poultry spreader. They concluded that particle size played a large part 
in the resultant spread patterns. Malgeryd and Pettersson (2000) developed a rear-delivery 
spreader with more even application of the manure in mind. They stated that one of the main 
problems with rear-delivery spreaders is that the highest application rate is usually directly 
behind the spreader with the application rate tapering as the pattern moves out to the sides. 
Another way that was designed to enhance the ability of rear-delivery spreaders to apply 
manure in a more uniform pattern on a whole field basis was to incorporate a weighing 
platform under the box of the spreader. Thirion et al. (1999) did this and found that a weigh 
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platform is useful once it has been calibrated on the spreader and for the characteristics of the 
manure that is being applied to the field. 
Manure Characteristics 
Physical characteristics affect how manure reacts in different circumstances. Landry 
et al. (2002a) did preliminary work on gathering the necessary characteristics of different 
kinds of solid manure. The factors of coefficient of friction, angle of repose, and particle size 
distribution were studied, for dairy, hog, sheep and poultry manure. Landry et al. (2002b) 
have also investigated the properties of manure and how the manure interacts with the 
machinery that is used to apply the manure. No conclusions were made since this is ongoing 
research. Characteristics of different types of poultry manure were investigated by Glancey 
and Hoffman (1996). They concluded that wet bulk density of the manure is affected by the 
amount of time stored outside; however, storage time did not affect the lump sizes found in 
the manure. The physical properties of solid manure were investigated by Malgeryd and 
Wetterberg (1996), because when testing manure spreaders it is necessary to be able compare 
the results even when different manure was used in the testing. The main conclusion was 
that physical properties of the manure affect how different spreaders perform. 
Yield vs. Application 
For most agricultural operations, the performance of the crop after manure application 
is the most important indicator of spreader performance. The ability to understand how 
manure affects the growth and yield of crops is the goal of the fourth chapter. One way to 
gain knowledge on how manure affects the com crop is to take an end of the season stalk 
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nitrate test. This test indicates the amount of nitrogen that is stored in the stalk by the com 
plant at the end of the year. A guideline indicating how to interpret the test results can be 
found in ISU Extension Bulletin PM 1584. A useful conversion for evaluating yield is 
provided by Schmidt (1948), who explains how to convert known ear corn weight to an 
estimated amount of bushels of shelled com. 
Eghball (2000) investigated the relationship between manure, composted manure and 
the mineralization of nitrogen. He concluded that mineralization of nitrogen needs to be 
considered when manure or compost is applied to the land to effectively take into account the 
N that is applied. Eghball and Powers (1999) investigated com yield and nitrogen uptake 
when composted and non-composted manure were applied to a field. Their study concluded 
that NO3-N was well correlated with com yield, and that the fields with manure or compost 
had better yields than those without. Ma et al. (1999) state that nitrogen (N) uptake from 
manure application rates of 50 and 100 Mg/ha (wet wt.) increased the crop yield by an 
average of 20%. Evans ( 1977) investigated the effect of solid, liquid beef manure and liquid 
hog manure on com. Adding manure as a fertilizer with application rates of 224 metric 
ton/ha (wet wt.) for solid beef manure, liquid beef manure at 636 metric ton/ha (wet wt.) and 
liquid hog manure at 636 metric ton/ha (wet wt.) did not significantly increase the yield; 
however, it did increase the levels of nitrogen, phosphorous and potassium (NP K) in the 
com plant. His main conclusion was that a large amount of manure applied is not the best for 
the land or the crop. Hanna et al. (2000) looked at the effect of different incorporation and 
injection practices of liquid manure and how they affect the com yield. They found that 
incorporating the manure increased the yield relative to not incorporating the manure. 
Sawyer et al. (1991) states that there is a reduction in yield the farther away the com plant is 
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from the injection zone when using the knife injection method of applying manure with rates 
between 0-4500 gal/acre. They recommend applying the liquid manure with sweep injection 
as it would apply the manure with a better distribution pattern than that of.knife injection. 
Several researchers have also examined the local and regional environmental 
implications of manure utilization. The two main objectives ofJanzen et al's (1999) paper 
focused on improving the effectiveness of manure use, and balancing the economic and 
ecological considerations. They concluded that a balance of economic and ecological aspects 
of manure distribution was feasible and that by improving the effectiveness of how manure is 
used as a resource, there can be an increased crop response to the nutrients in manure 
products. Ma et al. (1998) tested the Root Zone Water Quality Model and evaluated the soil 
response to N03 when beef manure was applied. Their study concluded that this model is 
good enough to be used for further modeling of nitrogen uptake into plants. Von Bemuth 
and Salthouse (1999) examined the spatial distribution of manure nutrients and crop demand 
in Michigan, and found that there was a regional imbalance in where the nutrients were 
needed and where they were in excess. It was also found that there was an excess of 
phosphorus in the soil throughout the state. 
Modeling 
Particle size 
Particle size is important because it affects air resistance. Particle size distribution 
plays an important part in not only fertilizer and manure distribution, but in food processing 
and many other industrial applications. For example, Servais et al (2002) discussed how the 
particle size affected the flow of a semi-solid liquid (chocolate). Particle size separation is 
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useful in the mining industry for separating different sizes of aggregate for ease of 
transportation. Atteia ( 1997) states "surface chemistry resulting in attraction or repulsion 
potentials which can overwhelm the hydraulic or gravity drag." This statement is useful in 
that it helps to explain the different possibilities of what is happening when different manure 
particles travel through the air. M01ler et al. (2002) discusses the efficiency ofliquid 
separation of stored manure. They concluded that when manure was stored in the laboratory 
at controlled conditions the dry matter was reduced during storage. Petterson et al. (1991) 
studied distribution patterns as they were affected by particle size distribution in commercial 
fertilizer. They concluded that larger particles were thrown to the rear of the spreader while 
the smaller particles tended to be on the outer sides of the pattern, due to the overlap caused 
by the dual spinning disks. 
Modeling 
Modeling of distribution patterns is useful for both commercial fertilizer applications 
and manure applications. Fulton et al. (2001) used sigmoid and linear function models to 
model the application rates of a poultry manure spreader. It was found that the model did a 
good job of characterizing the uniform and variable application rates of the spreader. Fulton 
et al. (2002) validated a previously developed model through field trials. The model was 
unable to accurately predict the actual applied rate without great error. They concluded that 
more work was needed on the model. 
Coefficient of drag 
The coefficient of drag plays an important part in modeling how different particle 
sizes move through the air. Tabak and Wolf (1998), held the coefficient of drag at a constant 
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value, based on a smooth sphere, in a study estimating the terminal velocity of cottonseeds. 
However, once the velocities had been measured they went back and recalculated the actual 
coefficient of drag and found that the surface properties and shape of the cotton seeds 
affected the coefficient of drag. Grift et al. (1997) discuss the aerodynamic properties of 
fertilizer particles. They concluded that the particles are not spherical and therefore have 
different properties from a sphere of the same material. Walker et al. (1997) did more work 
on finding the aerodynamic properties of fertilizer particles. A model was created and found 
to be able to predict the fall time from a function of shape factor and particle mass. 
Another issue important for accurate modeling is understanding the way particles are 
released from housing or a blade. Chattopadhyay and Pandey (2001) studied the affect of 
flail tip speed and angle of release during forage harvesting. It was found that the distance 
particles traveled increased once the speed of the flail tip increased. Du Plessis and Lindeque 
(2001) discussed the absolute velocity and the mathematics behind the flight trajectories of 
hail stones released from a simulator. No prior research was found that explored the release 
phenomena of manure from spreaders during the land application process. 
This literature review was conducted to inform the author and readers of previous 
relevant research, and to help guide the way for the work that was done on this project. This 
review supports the need for this study, and more fundamental and applied research on solid 
manure application in the years to come. 
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Chapter 2-Solid manure distribution by rear- and side-delivery 
spreaders 
To take full advantage of fertilizer nutrients in solid manure, applicators must have 
confidence that the manure spreader's pattern is relatively uniform. Soil tests are used to 
determine fertilizer requirements of the soil to produce a better crop. The amount of 
nutrients in manure is readily accessible to farmers through manure nutrient testing. Trusting 
that the nutrients are being applied to the ground as evenly as possible is a problem, without 
test data. Although farmers are urged to land apply manure for its nutrient value, manure 
spreading uniformity must be comparable to commercial fertilizer applicators if farmers are 
to have confidence in substituting manure for commercial fertilizer. As environmental 
regulations become more strict, the ability and knowledge to achieve uniform distribution are 
needed to use manure resources to their fullest potential. 
Literature Review 
A review of literature was conducted to better understand what was currently known 
about spread patterns, their coefficients of variation, and manure characteristics. With better 
understanding of the distribution patterns of solid manure spreaders, a more accurate 
application of the nutrients can be accomplished. Maygeryd and Wetterberg (1996) 
investigated standard ways of evaluating manure so that spreader uniformity could be 
measured even if the manure used to evaluate each spreader was different. They found that 
physical properties of manure including bulk density and dry matter content of manure affect 
how it is spread. Sogaard and Kierkegaard (1994) concluded that uneven distribution of 
fertilizer could result in crop yield loss. These results were based on commercial fertilizer 
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spinner spreaders. They also made a case for outside field and crop studies because these 
more accurately reflect conditions the farmers see when applying the manure. Wilhoit et al. 
(1993) designed and fabricated a drop poultry spreader to be used for plot work. This was 
done because available spreaders on the market didn't have the ability to apply manure as 
evenly and accurately as was needed for research. Davis and Meyer (1998) stated that 
further work on calibration of manure spreaders is not as important as testing of spread 
patterns and overlap patterns to improve the uniformity of the spreaders. They evaluated two 
different ways of calibrating manure spreaders. Holmes (1998) also stated that there is a 
problem with accuracy and understanding methods of spreading manure. Penzzi and 
Rondelli (2002) indicated that there is a European Standard that states that an acceptable 
coefficient of variation for a manure spreader is 30%. 
Calibration of a solid manure spreader has not been standardized like that of 
commercial fertilizer spreaders. Much of what is known is based on granular fertilizer 
application. However, granular fertilizer application has different physical characteristics 
than manure. Granular fertilizer is different from solid manure because it has relatively 
uniform shape, density, and size, whereas solid manure can greatly range in particle size, 
density and shape (Landry et al., 2000). As a result, it is unclear whether current calibration 
techniques are adequate to capture the variability of solid manure application. 
A good understanding of how current spreaders are actually spreading the manure on 
to the land is the first step toward more rational solid manure application. Such information 
would provide a basis for comparing spreader performance and designing application 
strategies appropriate to different needs. 
To address these issues, a study was conducted with the following objectives: 
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Objectives 
To evaluate the uniformity of manure distribution from existing solid manure 
spreaders. 
To provide recommendations for equipment operating strategies to improve 
uniformity of solid manure distribution on crop land. 
Methods and Materials 
Manure spreaders 
Two main ways that solid manure is applied to the ground are rear-delivery and side-
delivery spreaders, with rear delivery spreaders having various drum and beater designs. In 
this study, four different spreader configurations were used in five experiments (Table 2.1 ). 
These spreaders were chosen because they represent a range of the types of spreaders that are 
currently being used in many solid manure spreading applications. 
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delivery spreader was a John Deere 
model 40 used for initial trials and 
methods development. The two-beater 
rear-delivery spreader was a New Idea 
3739 (Agco/ New Idea, Hesston, KS) 
(Figure 2.1) with six adjustable apron 
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speed settings. The spreader had a two- Figure 2.1: Two-beater, rear-delivery spreader 
beater discharge with a small 
(removable) horizontal beater 
set above and slightly forward 
of the large horizontal bottom 
beater. Paddles on the beaters 
were 25 cm (10 in) long with 
serrated edges. The side 
delivery spreader was a 
Figure 2.2: Side delivery spreader 
Knight Pro-Twin Slinger 8018 (Knight Manufacturing, Brodhead, WI) (Figure 2.2). The 
beater was a horizontal shaft with hammers 22.86 cm (9 in) long. Spreading was adjusted on 
this spreader by an infinitely variable discharge gate opening and varying the angle of a 
"Bedder Spreader Attachment" (deflector) at the spreader discharge. Deflector position 
could be varied from completely out of the way (less than 0° / vertical) to past horizontal 
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position (90 ° / horizontal ) A common use of the deflector by operators is to narrow the 
spreading pattern to deposit material in a heavy band. 
For each test, manure spreader boxes were filled with a skid-steer tractor loader, and 
the manure was left piled however it fell into the spreader. Spreader travel speed was 8.0 
km/hr (5 miles/hr) for all experiments. 
Horizontal-drum rear-delivery spreader 
Initial tests were made with the horizontal-drum rear-delivery spreader. Treatments 
used were a combination of apron speed and load phase of the manure. Distribution was 
measured during the beginning, middle, and end load phases. The load phase affects the 
relative area of the manure face in contact with the beaters, and this contact area was used to 
define these three phases. The beginning of the load was defined as the full manure face not 
in contact with the spreader beaters. The middle phase was when there is contact of the full 
face with the beaters. The end phase of the load is when the manure recedes from contact of 
a full face with the beaters to emptying out of the load. The different parts of the load phase 
were tested to see if load phase in the spreader would affect the spread pattern of the rear-
delivery spreader. A two-speed chain apron allowed measurements at slow and fast load 
delivery rates with the spreader during the middle load phase. Three distribution checks 
were made in the middle of the load with both fast and slow apron speed delivery. For this 
experiment only, two distribution checks were made at the beginning and end of a load with 
fast apron speed delivery. 
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Two-beater, rear-delivery spreader 
In both experiments during 2001 four of the six apron speeds were used for the trials, 
1, 3, 4, and 6. Treatments for the spring 2001 experiment were a factorial combination of the 
three load phases and four apron speeds. The fall 2001 experiment had four treatments of the 
different apron speeds. Treatments for the fall 2002 experiment were a factorial combination 
of two apron speeds (3 and 6) and number of beaters (lor 2). For treatments with one beater, 
the top beater was removed. 
Side-delivery spreader 
Treatments tested with this spreader were a factorial combination of gate opening 
(half or full-opening) and deflector position. This was done to check the effect of gate 
opening and deflector position on the spread pattern. The two gate openings were 
determined based on the markings of the gate. Deflector positions varied with experiment. 
For the first test (fall 2001) the deflector was positioned at 0°, 45°, 67°, and 90°. The angles 
were measured from the vertical position with 90° being parallel with the ground. For the 
second experiment the deflection angles of 0°, 34°, 45°, 56°, 67°, and 76° were chosen to 
measure distribution over a wider range of mid position deflector angles. The final 
experiment used deflection angles of 0°, 45°, 57°, and 67°, replicating several angles 
previously tested. 
Distribution tray layout 
A procedure to measure distribution was patterned after ASAE standard S341.3, 
procedure for measuring distribution uniformity and calibrating granular broadcast spreaders. 
The trays were 35.6 cm (14 in) wide by 45.1 cm (17.75 in) long with the longer dimension 
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orientated parallel to the direction of travel. The tray layouts were different based on which 
spreader was being used. 
Trays were laid out at evenly spaced intervals within each plot to collect the manure 
distributed by the spreader. The rear-delivery spreaders drove across rows of trays 
perpendicular to the travel direction. Two rows of eight trays were evenly spaced on 0.76 m 
(2.5 ft) centers across a 7 .6 m (25 ft) transect centered on the spreader travel path. The center 
of the transect was aligned with the center of the manure spreader. The baseline or "zero" 
point of each line of trays was defined as centerline of travel ( or hitch point) for the rear-
delivery spreaders. Trays were omitted from two of the ten 0.76 m (2.5 ft) intervals to allow 
for wheel passage of the 
tractor and spreader. Three 
trays were positioned to the 
left and right sides of the 
spreader travel path and 
two trays were positioned 
between the wheel tracks, 
as illustrated in Figure 2.3. 
(9 (9 9 
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Figure 2.3: Diagram of the tray layout for the rear-delivery 
spreaders. Trays are spaced on 0. 76 m (2.5 ft) spacing 
Manure application in the two 0.76 m (2.5 ft) strips without trays (i.e. the wheel tracks) were 
assumed to equal the average of the two adjacent application strips for the fall 2000 
experiment. For the rest of the experiments (spring 2001, fall 2001, and fall 2002), two metal 
trays per wheel track were attached to the spreader by magnets controlled by an electronic 
solenoid that released the trays as the spreader passed over the two rows of collection trays. 
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Manure weighed on these metal trays was then averaged to estimate the amount of manure 
that fell in the wheel tracks. 
Rows of trays were laid out to the side of the side-delivery spreader to sample the 
spread pattern as it passed. Tray spacing was wider than the rear delivery tray pattern due to 
a wider spread pattern, with trays every 2.3 m (7.5 ft) or every third inter-row area (the 
previous row spacing was 0.76 m (30 in)). Two rows often trays each measured manure 
across a 22.8 m (75 ft) swath. The first tray was located 1.5 m (5 ft) away from the 
centerline of the beater. 
Manure weight was determined gravimetrically by weighing each tray before and 
after application. 
Tray layout for travel direction uniformity, Fall 2002 special experiment 
To investigate variability both parallel and perpendicular to spr.eader travel, an 
additional experiment was included for both rear- and side-delivery spreaders during the fall 
2002 testing. The spreaders were used as previously described, with the exception of a 
change in the tray layout. The first two rows were laid out as before, and four additional 
rows of six trays were added, resulting in six rows of trays that the spreaders passed over or 
by for this test (Tables 2.2 and 2.3). The layout of the trays was such that there were six 
rows of trays, with the first two rows having eight trays for the rear-delivery spreader and the 
next four rows having six trays. Data collected from the two outside tray positions in the first 
two rows for the rear-delivery spreader were not used in this analysis. The side-delivery 
spreader tray layout was such as that the extra four rows only collected from the six closest 
trays to the spreader (Table 2.3). The four additional trays not shown in rows A and B of 
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Table 2.3 were not used in this experiment to measure travel or horizontal direction 
uniformity. The trays followed the layout of the original two rows, spacing and distance 
from each other. The rows of trays were also laid out approximately 1.5m (5 ft) from each 
other, measured perpendicular to spreader travel. The manure was collected from the trays 
and weighed as before. The analysis of this data followed the same procedure as the rest of 
the data analysis for the horizontal direction. The longitudinal (travel direction) coefficient 
of variation was calculated by finding it for each of the tray locations perpendicular to 
spreader travel, with six rows providing replication down a line parallel to spreader travel. 
Thus the amount of manure in each tray space, one for all of the six rows (A-F) was used to 
calculate the coefficient of variation for the columns of trays. 
Table 2.2: Rear-delivery spreader tray layout for array experiment fall 2002 
A-7 A-6 A-5 A-4 A-3 A-2 A-1 A-0 
B-7 B-6 B-5 B-4 B-3 B-2 B-1 B-0 
C-6 C-5 [ C-4 C-3 [ C-2 C-1 
D-6 D-5 D-4 D-3 D-2 D-1 
E-6 E-5 J E-4 E-3 J E-2 E-1 
F-6 F-5 F-4 F-3 F-2 F-1 
Table 2.3: Side Delivery Spreader tray layout for array 







































Application plots for the experiment were laid out as a randomized complete block 
design with three replications. Wind speeds were generally calm to 5 km/hr (3 mi/hr) during 
tests and in most cases less than 8 km/hr (5 mi/hr). Experimental plot location for most of 
the experiments was at the Iowa State University Beef Cattle Nutrition Farm. The first 
experiment during fall 2000 was done on the Iowa State University Woodruff Parm 
southwest of Ames. Locations were chosen due to the proximity of the manure to the fields. 
Solid semi-packed beef manure that had been stacked outside for several months was 
used in all of the experiments except for fall 2000. Solid and previously packed and stacked 
dairy manure was used in the fall 2000. The moisture contents were found gravimetrically 
by oven-drying a sample of the manure. 
Application rate calculations and statistical analysis 
Application rates at each tray location were calculated using manure weights and tray 
area. An across-swath coefficient of variation (CV) was calculated using the mean (:r) and 
standard deviation (s) of each row of trays. The formula for the CV is CV = !_ * 100% . The y 
- I.Y mean can be found by using the following formula Y = _,_· -• . The standard deviation {s) is 
n 
found by taking the square root of the sample variance (s 2 ). The formula for sample variance 
I (_y -YJ 
is s 2 = n 1 (Steel et al. 1997, pg. 17-27). 
n-1 
Application rates at individual locations across the swath and the CV from each of the 
two rows were averaged to determine applications rates and average CV within every single 
plot. The same procedure was used to determine a longitudinal coefficient of variation in the 
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travel direction for the fall 2002 special experiment. Average application and standard 
deviation across each colwnn of trays within each sampling array was used as a measure of 
longitudinal application rate and variation at that particular spreader position in the field. 
Individual CV's in the travel direction were then statically compared to the individual across 
the swath CV's. For the statistical analysis of the results SAS was used. 
Calculation of coefficient of variation for overlapped swaths 
A Visual Basic program which runs in Excel was created to calculate the different 
distribution patterns that occur when overlapped swaths result in repeating patterns. Such 
overlapping patterns occur with 
manure spreaders, fertilizer 
applicators and other agricultural 
equipment. The overlap pattern 
that the program is designed for is 
the back-and-forth (Figure 2.4) 
pattern. A race track pattern 
(Figure 2.5) was not implemented 
in the overlap program but was 
calculated manually when 
I ... t-!lt .. •·-~1 .. :"·"~· 
,1· . )~ .• 
. ' -:,-
>)f~· 
Figure 2.4: Back and forth pattern, starting in the 
lower left and following to the upper right. 
necessary, as this type of pattern is not used as much as a back-and-forth pattern. When race 




1 3 5 7 911 13 14 12 10 8 6 4 
Figure 2.5: Racetrack overlapping, start at one and follow the arrows, no 
manure applied on the headlands. 
2 
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To operate the overlap program, the user enters the original full swath pattern, and then tells 
the program how many times the pattern is to repeat and what the desired swath distance is. 
Swath distance is entered into the program as a whole number of tray spaces that are 
overlapped. Tray spaces are defined as the distance between the centers of trays as they were 
laid out when the manure was originally collected. For example, with the rear-delivery 
spreader, there was 0. 762m (2.5 ft) between each tray center. Therefore tray space is 0. 762m 
(2.5 ft), and the overlap is then 0.762 m for one space overlap and 1.524m (5 ft) for a two 
space overlap. 
The program then takes the original pattern, inverts it, and aligns this second pattern 
according to the desired swath distance for the back-and-forth overlapping case (Figure 2.4). 
Once the program has inverted the original pattern it can then copy both the original and the 
inverted pattern as needed to produce the number of overlaps desired. To achieve the 
spacing of the overlaps, the first inverted pattern is offset by the number of tray spaces 
desired for the overlap from the beginning of the original pattern. This procedure is then 
repeated with the user's entered number ofrepeats, based on what is desired by the user for 
the overlap. Once the patterns have been inverted and spaced correctly, the program adds up 
the manure for each tray space across the whole swath. For a simple back-and-forth pattern 
with no overlap, the repeating pattern is the original and then the inverted pattern. To 
calculate CV, it is necessary to use at least one full non-repeating segment of the overlapped 
swaths. The repeating pattern is twice as many tray spaces as the number of tray spaces not 
being overlapped. For example, if one wanted to overlap three tray spaces then the number 
of tray spaces in the overlapping pattern is 14 (2*7 non-overlapped tray spaces). The 
minimum number of repeating spaces necessary for calculation of the coefficient of variation 
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is 10, so even ifthere are nine spaces overlapped with only one not being overlapped, there 
still need to be ten numbers that repeat for the calculations of the CV. The coefficient of 
variation is then calculated from this repeating pattern. 
The usefulness of this program is that it speeds up the process of calculating overlap 
coefficients of variation. 
Results and Discussion 
Although the manure used for all but one of these experiments was all from the same 
farm, manure characteristics varied, particularly in the moisture content as affected by 
seasonal precipitation and evaporation. Manure moisture content (wet basis) was 58% for 
fall 2000, 62% for spring 2001, 35% for fall 2001, 51 % for spring 2002, and 35% for fall 
2002. 
Horizontal-drum rear-delivery spreader fall 2000 
Across-swath coefficients of variation (CV) and application rates for each of the load 
phase and apron speed combinations tested for the horizontal-drum rear-delivery spreader are 
listed in Table 2.4. Application patterns across the swath for each of the four load 
phase/apron speed combinations are shown in Figures 2.6 through 2.9. 
Table 2.4: Application rate and coefficient of variation of a horizontal-drum rear-
delivery spreader on 7.6 m (25 ft) swath. 
Treatment Application Rate Coefficient of variation, % 
Load phase Apron speed Kg/ha Lb/a Across swath 
Middle Fast 16634 14840 127 
Middle Slow 8418 7510 121 
Beginning Fast 19794 17660 127 
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Figure 2.6: Application rate for a single swath of horizontal-
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Figure 2.7: Application rate for a single swath of horizontal-
drum, rear-delivery spreader; middle load phase of fast apron 
speed. 
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Figure 2.8: Application rate for a single swath ofhorizontal-
drum, rear-delivery spreader; end load phase of fast apron 
speed. 
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Figure 2.9: Application rate for a single swath ofhorizontal-
drum, rear-delivery spreader; middle load phase of slow apron 
speed. 
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Most application appeared to be directly behind the spreader (between -1.1, and 1.1 m 
(-4 and 4 ft)) with a slight trend for more application on the right side of the spreader. At the 
fast apron speed, application rates were greatest during the beginning and middle load 
phases, and were least at the end of the load. Application rate in the middle load phase was 
reduced by about 50% when using the slower apron speed. Swath variability, as indicated by 
CV of 100 % was considerable across this 7.6 m (25 ft) swath. 
In actual practice, operators overlap adjacent swaths in an attempt to improve swath 
distribution and adjust application rate. Closer swath spacing, however, requires more 
spreader passes in the field and increases average application rate for a given spreader apron 
or auger delivery speed and spreader travel speed. To simulate spreader overlap patterns, 
swaths were mathematically overlapped by using a 3.8 m (12.5 ft) rather than a 7.6 m (25 ft) 
swath spacing in both back-and-forth (left-shoulder of spreader pattern overlapping left-
shoulder of spreader pattern and vice versa) and race-track (left-shoulder of spreader pattern 
overlapping right shoulder of spreader pattern) modes. Application rates and CV' s across the 
swath for these overlapped swaths are shown in Table 2.5. Application across the swath for 
the middle of the load and fast apron speed in both the race-track and back-and-forth modes 
is shown in Figures 2.10 and 2.11. Overlapping increased lateral uniformity by decreasing 
the CV across the swath. Figure 2.10 shows a repeatable distribution pattern from the 
racetrack style of overlap 
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Table 2.5. Application rate and coefficient of variation of a horizontal-drum 
spreader calculated for an overlapped 3.8 m (12.5 ft) swath. 
Treatment Application rate Across swath coefficient of 
variation, % 
Load phase Apron speed Kg/ha Lb/a Race track Back-and-
forth 
Middle Fast 33278 29690 52 50 
Middle Slow 16847 15030 46 45 
Beginning Fast 39589 35320 54 52 
End Fast 25107 22400 41 39 
! 60000 -r----------------------= 50000 ~-------= ·-! = 40000 
=a_ t 30000 
c.~ 
20000 - 10000 
0 
-3.4 -2.7 -1.9 -1.1 -0.4 0.38 1.14 1.9 2.66 3.42 
Spreader Swath (m) 
Figure 2.10: Application rate for a 3 .8 m overlap swath for middle of load fast 
apron speed, horizontal-drum, rear-delivery spreader, with race-track overlap. 
... 
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5• = ee 30000 
C!lcii c 20000 
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Spreader Swath (m) 
Figure 2.11: Application rate for a 3.8 m overlap swath for middle of the load 
fast apron speed, horizontal-drum, rear-delivery spreader, with back-and-forth 
overlap 
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Two-beater rear-delivery spreader spring 2001 
A summary of results for the two-beater rear-delivery spreader are presented in 
Tables 2.6 and 2.7. Table 2.6 indicates the effect ofload phase while incorporating apron 
speed, while Table 2. 7 shows the effect of apron speed using the different load phases. As 
with the horizontal-drum spreader, CV's were large across the swath for the two-beater rear-
delivery spreader. 
Table 2.6: Application rate & coefficient of variation of a rear-delivery two-beater 
spreader on 7.6 m (25 ft) swath as a function of load phase using all the apron speeds 
spring 2001. 
Treatment Application Rate Coefficient of Variation% 
Load Phase Kg/ha Lb/Acre Across swath 
Beginning 16741 14936 113 
Middle 20011 17853 117 
End 13650 12178 115 
LSD alpha=0.05 3051 2722 NSa 
a Treatments values within the column were not significantly different 
Although the treatment CV differences were not significant at a 95% confidence level, at an 
expanded 90% confidence level, faster apron speeds improved across-swath uniformity 
(Table 2. 7). 
Table 2. 7: Application rate & coefficient of variation of a rear-delivery two-
beaters spreader on 7 .6 m (25 ft) swath as a function of apron speed, middle load 
phase spring 2001. 
Treatment Application Rate 
Apron Speed Kg/ha Lb/ Acre 
1 1995 1780 
3 19295 17214 
4 16922 15097 
6 28990 25864 
LSD alpha=0.05 3523 3143 







a Treatments values within the column were not significantly different 
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As expected, application rate generally increased with apron speed; however, this trend was 
not consistently observed at close speed intervals, as evidenced for apron speeds 3 and 4. 
The phase of the load (beginning, middle and end) did not seem to cause much difference in 
across the swath uniformity. 
Two beater rear-delivery fall 2001 
Application across the swath for the two-beater rear-delivery spreader was 
significantly more uniform at apron speeds of 3, 4, and 6 than at apron speed 1 during the fall 
2001 experiment (Table 2.8). In this trial application rates consistently increased with apron 
speed, although as with the spring 2001 results, adjacent apron speeds 3 and 4 were not 
significantly different. 
Table 2.8: Application rate and coefficient of variation of a rear-delivery two-
beater spreader on 7.6 m (25 ft) swath as a function of apron speed (fall 2001) 
Treatment Application Rate Coefficient of Variation% 
Apron Speed Kg/ha Lb/Acre Across swath 
1 1736 1549 129 
3 15531 13856 99 
4 18357 16378 103 
6 23339 20822 91 
LSD alpha=0.05 6260 5585 26 
a Treatments values within the column were not significantly different 
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Figures 2.12 and 2.13 show an un-overlapped (7.6 m or 25 ft) swath and a back-and-forth 
overlapped (3.8 m or 12.5 ft) swath, respectively, using the rear delivery spreader's treatment 
with the least across-swath CV (apron speed 6). For Figures 2.12 -2.13 the distance is 
measured from the far left side of the first swath to the right side of the last swath. 
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Figure 2.12: Application rate for a six swath pass using apron 
speed 6 of two-beater, rear-delivery spreader on 7.6 m spacing 
(CVof79%). 
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Figure 2.13: Application rate for back and forth swath using 
apron speed 6 of two-beater, rear-delivery spreader on 3.8 m 
spacing (CV of 40%). 
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Figures 2.14 and 2.15 also show an un-overlapped and a back-and-forth overlap, 
respectively, for the treatment with the greatest across the swath coefficient of variation 
(apron speed 1) for the rear-delivery spreader. Swath interval for the overlapped patterns is 
3.8 m (12.5 ft), equivalent to half of the original swath. Overlapping improved across-swath 
coefficient of variation for both apron speeds, 79% vs. 40% for apron speed 6, and 110 % vs. 
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Figure 2.14: Application rate of a six swath pattern using apron 
speed 1 for two-beater, rear-delivery spreader on 7.6 m spacing 
(CV of 110%). 
j' 7000 ,-- ------------------. 
ol:l c 6000 -,--------u ----Jr--------u---n -- ----u - 11- -----1 
f 5000 -t-----f:l- --fl--- -----11-----1l---------H------H- -~ 
_g 4000 -r----n ---n------u ------11-- ------u- -u----1 -= .!: 3000 -t------tHHlil---lHn-tHU- IHt-fHI-----U--n-11--u---1Hl-ll--U ----H-IHI-U-------l 
Q. 
2000 -t------tHH''H't..-lHll-fl-llt--lHt-fHJ--=-ll-tHl--11--lHI--IHl--.=-II-IHI-U-----l 
f:! = 1000 +--------IHHHHIHl--llHfiU----'IHl-H--II-U-U--ll-U-fJ-----H--11-fl-U--fl-H-H-H-H----------1 
C 
0-t-,-"-Y""TMr'YAT'",.u,.,"',""r~~l&All,.t,l,.U.,.U,JilA.,.,....,.U.U.,&,U..11.M.II.II.B..II~ n n .... 
N 'CJ 00 N 
M r..: 00 N II') °' 
r- 00 
'° M II') N N N 
Tray Position (m) 
Figure 2.15: Back-and-forth swath for apron speed 1 oftwo-
beater, rear-delivery spreader on 3.8 m spacing (CV of 66%). 
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66% for apron speed 1 for overlapped vs. non-overlapped patterns respectively. 
Rear delivery spreader fall 2002 
A single versus double beater was compared at two application speeds in fall 2002 
(Table 2.9). The coefficients of variation were statistically equivalent at the 95% confidence 
level for both beater and speed configurations across the swath. It should be pointed out that 
there was a reduction in application rate when two beaters were used at speed three from 
when only one beater was used at speed three. The application rates were significantly 
affected by the apron speed levels at the 99% confidence level. 
Table 2.9: Application rate and coefficient of variation of a rear-delivery spreader with 
one or two beaters on 7.6 m (25 ft) swath as a function of apron speed (fall 2002). 
Treatment Application Rate Coefficient of Variation% 
Apron Kg/ha Lb/Acre Across swath 
Speed/beaters 
3/one beater 15169 13534 105 
3/two beaters 8745 7802 107 
6/one beater 26514 23656 98 
6/two beaters 32060 28604 107 
LSD alpha=0.05 7454 6650 NSa 
a Treatments values within the column were not significantly different 
Side delivery spreader fall 2001 
CV's and application rates measured during fall 2001 for the side-delivery spreader 
are shown in Tables 2.10 and 2.11. Table 2.10 combines data from all deflector angles, 
examining the effect of gate opening, while Table 2.11 combines data from the two gate 
openings to evaluate the effect of deflector angle. 
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Table 2.10: Application rate and coefficient of variation of a side delivery spreader on 
22.8 m (75 ft) swath as a function of gate opening (fall 2001). 
Treatment Application Rate Coefficient of Variation% 
Gate Kg/ha Lb/Acre Across Swath 
Half 2679 2390 103 
Full 2472 2205 77 
LSD alpha=0.05 NSa NSa NSa 
a Treatments values within the column were not significantly different 
Table 2.11: Application rate and coefficient of variation of a side delivery spreader on 
22.8 m (7S ft) swath as a function of deflector angle (fall 2001). 
Treatment Application Rate Coefficient of Variation% 
Deflector Angle Kg/ha Lb/Acre Across Swath 
0 2067 1844 111 
45 2053 1832 61 
67 2405 2146 49 
90 3775 3368 140 
LSD alpha=0.05 1332 1188 34 
Although not significantly different from the other treatments, this spreader had the lowest 
across-swath CV when it was operated at full gate opening and with a deflector position of 
67 degrees from upright. Application across the swath was significantly more uniform at 
mid-deflector positions ( 45° and 67° from vertical) than at the 0° or 90° positions. 
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Figures 2.16 and 2.17 show the spread pattern of six swaths of the full-gate/ 67°-
deflector-position treatment with a back-and-forth pattern and swath intervals of 22.9 and 
11.4 m, (75 and 37.5 ft) respectively. Since this treatment had a relatively low CV across the 
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Figure 2.16: Swaths for full gate/67° deflector position of side-delivery spreader on 22.6 
m spacing (CV of 37%). 
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Figure 2.17: Back-and-forth swath for full gate/ 67° deflector position of side-




Similar overlapping of a treatment with a relatively high CV (half-gate /90° -deflector-
position) did result in an improvement in the coefficient of variation (Figures 2.18 and 2.19), 
from 191 % vs. 141 %. 
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Figure 2.18: Swaths for half gate/90° deflector position of side-delivery spreader on 22.6 
m spacing (CV of 191 %). 
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In actual use, the deflector is used to spread material in a much narrower swath when 
positioned at an extreme angle (i.e. close to 90°), and across-swath CV' s would be much 
lower when a narrower target swath near the spreader is considered. 
When comparing across-swath CV of the side-delivery spreader to that of the rear-
delivery spreader from the fall 2001 experiments, there was a trend for lower CV's with the 
side-delivery spreaders, but only if the deflector was in a mid-position ( 45° or 67°). When 
the deflector was not used at all (0°), then pattern uniformity of the side delivery spreader 
was comparable to the rear delivery spreader. 
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Figure 2.19: Back-and-forth swath of half gate/90° deflector position of side-




Side delivery spreader spring 2002 
The side delivery spreader was tested again during spring 2002. Table 2.12 combines 
data from all deflector angles to examine the effect of gate opening, while Table 2.13 
combines data from the two gate openings to evaluate the effect of deflector angle. Both 
application rate and the across-swath CV were significantly different for the two gate 
openings tested (Table 2.12). Across-swath CV's were statistically similar for all deflector 
positions (Table 2.13), however there was a significant difference in the application rate 
CV's. Application rates were greater for treatments with deflector positions of 56°, 45°, and 
67° than for treatments with deflector position of 76° or 25°. Manure application was greater 
closer to the spreader (Figure 2.20). Back-and-forth and race-track overlapping of five tray 
spaces lowered across-swath variability (Figures 2.21 and 2.22) from the non overlap 
situation, reducing coefficients ofvariationfrom+000/o-to--92and 67%~spectiveiy; -This --
may be desirable to increase uniformity, but also results in increased manure application 
rates. 
Table 2.12: Application rate and coefficient of variation as a function of gate opening 




















Table 2.13: Application rate and coefficient of variation as a function of deflector 
position from a side delivery spreader with a 22.9 m (75 ft) swath (spring 2002). 
Treatment Application Rate Coefficient of Variation % 
Deflector Kg/ha Lb/Acre Across Swath 
0 1480 1320 135 
25 1142 1019 141 
45 1917 1710 142 
56 1976 1763 133 
67 1904 1699 148 
76 879 784 125 
LSD alpha=0.05 569 508 NSa 
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Figure 2.21: Side delivery spreader full gate opening/67° deflector position, 
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Figure 2.22: Side-delivery spreader full gate opening/67° deflector position, racetrack swath 
pattern on 11.3 m spacing (CV 63%). 
45 
Side delivery spreader fall 2002 
For the fall 2002 experiment with the side-delivery spreader {Table 2.14), across swath 
coefficient of variation was significantly less at the 0° deflector angle than at deflector angle 
of 57°. 
Table 2.14: Application rate and coefficient of variation as a function of deflector 
position from a side delivery spreader with a 22.9 m (7S ft) swath (fall 2002). 
Treatment Application Rate Coefficient of Variation% 
Deflector Kg/ha Lb/ Acre Across Swath 
0 2714 2421 58 
45 2355 2101 66 
57 2728 2434 79 
67 2851 2543 69 
LSD alpha=0.05 NSa NSa 15 
a Treatments values within the column were not significantly different. 
During the previous fall testing, deflector positions at 45° and 67° had resulted in a more 
uniform application than operation of the deflector at 0°, while during spring 2002 deflector 
position had no significant effect. There is no apparent explanation for these different results 
in the different trials. There was no significant difference between the application rates. 
Fall 2002 special experiment, travel direction vs. across swath 
uniformity 
During the fall of2002 a 6x6 array of trays were used to directly compare across 
swath variability with that in the travel direction (see appendix F for detailed results). 
Combining results for both rear and side delivery spreaders, the across swath CV was higher 
than that in the travel direction. However, when comparing each spreader separately, the 
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side delivery spreaders over all across swath CV ( 59) were not significantly larger than its 
over all travel direction CV (53). Thus the rear-delivery spreader strongly influenced the 
combined results, having an over all across swath CV (107) that was significantly larger than 
the over all travel direction CV (72) based on calculated LSD of21.5. 
Table 2.15: Average CV's for each of the rows and columns in the 6x6 array for the 
rear-and side-delivery spreaders 
Row (A-F) or column (1-6) position and CV 
Rear-delivery 
Across swath position A B C D E F 
CV (avg of 3 reps) 105 113 104 108 98 112 
Travel direction 1 2 3 4 5 6 
CV (avg of 3 reps) 144 100 27 46 42 73 
Side-Delivery 
Across swath position A B C D E F 
CV (avg of 3 reps) 57 52 64 52 49 77 
Travel direction 1 2 3 4 5 6 
CV (avg of 3 reps) 98 42 41 48 51 40 
Application rate and uniformity as affected by swath width 
While the previous results provide a formal assessment of spreader uniformity, the 
practical implications for farmers remain somewhat obscure. To address this concern, a 
series of graphs (Figures 2.23, 2.24, 2.25 and 2.26) was developed to easily allow manure 
applicators to adjust the overlap of the swath based on desired application rate and across-
swath coefficient of variation. The user chooses the line that best represents their manure 
47 
spreader. To use these graphs a user selects a desired application rate or coefficient of 
variation. The user determines a swath width based on the desired application rate or 
coefficient of variation. After the swath width has been chosen, the other graph is used to 
determine if the application rate or the coefficient of variation is at an acceptable level for the 
distance that has been chosen for the swath width. 
These graphs came from the overlap program which was used to evaluate the many 
different distances of overlaps. The overlap program gave the coefficients of variation and 
the average application rates for each of the treatments. The values that were used for these 
figures were the averages of all three replications from only the fall 2002 experiments, 
calculated for each of the different treatments. The fall 2002 experiment was chosen because 
it had the most complete set of beater and deflector position data (see Table 2.1 ). The 
graphing part of this was done so that the x axis was always the distance of the overlap 
swath, and they axis was either the application rate or the coefficient of variation. The lines 
represent different settings of the different spreaders. By adjusting the swath of the 
spreaders, or selecting different settings of the spreaders, the application rates and 
coefficients of variation can be adjusted. The following example explains the usage of the 
graphs. 
1. Decide on an application rate for the rear-delivery spreader using Figure 2.24. 
(This example will use 100,000 lbs/acre). 
2. Next, determine which spreader setting will either give the desired swath width, 
or check the swath width against the desired spreader setting (use NI-1-3 line for 
spreader setting). 
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3. Find the swath width from the graph by going straight down from the point where 
the application rate and the spreader setting cross (it should be about 3 ft). 
4. Then take the swath width number and the spreader setting and go to Figure 2.23. 
Find where they cross on the graph. 
5. Where they cross is the CV that is predicted for that setting of the spreader and 
the swath width (about 18% for this example). 
6. If the swath width or CV are not acceptable, repeat the process with a different 
application rate to find an acceptable compromise. 
7. This example was written for the rear-delivery spreader; however, the steps are 
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Figure 2.23: C.V. vs. swath width for a rear-delivery spreader, beaters 1 and 2 at apron 
speeds 3 and 6. (fall 2002). 
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Figure 2.24: Application rates vs. swath width for a rear-delivery spreader, beaters 1 or 2 at 
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Figure 2.25: C.V. vs. swath width, side-delivery spreader, various deflection angles. 
(fall 2002). 
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Figure 2.26: Application rate vs. swath width, side-delivery spreader, at various 
deflection angles. (fall 2002). 
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Conclusions 
Within the range of conditions tested, the data and analysis reported in this thesis 
support the following conclusions. For the rear-delivery spreaders, load phase (beginning, 
middle, and end) has little effect on the distribution of the manure across the swath. 
Uniformity was similar for both one- and two- beater rear-delivery spread patterns. Apron 
speed does affect the spread rate and pattern for the rear-delivery spreader, where there was a 
difference in both application rate and CV when different apron speeds were used. In one 
experiment a mid-deflector position on a side-delivery spreader improved across-swath 
uniformity; however, this position decreased uniformity in another experiment. A full gate 
opening tended to improve across-swath uniformity as compared to a half-gate opening. 
Application uniformity across the swath was worse than in the travel direction, particularly 
for the rear-delivery spreader unless the swaths were carefully overlapped. High across-
swath CV' s were usually lowered when spread patterns were overlapped. The application 
and uniformity graphs are useful in predicting the uniformity of the spread pattern when 
choosing an overlap distance with a given application rate. 
Although overlapping cannot eliminate uneven distribution in solid manure 
spreading, a better spread pattern can be achieved. The actual overlap for each piece of land 
should be determined individually, based on the kind and properties of the manure being 
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Chapter 3-Particle size analysis and modeling of solid manure 
distribution 
Introduction of model 
The large variability observed with the current generation of manure spreaders is a 
major obstacle to accurate manure application. To improve the design of future manure 
spreaders, it would be useful to predict how far a spreader is able to throw different particle 
sizes of manure. This ability to model and predict spreader performance would allow 
analysis of changes in the overall spread pattern without the cost of actually building or 
modifying a prototype spreader. Fertilizer applicator designers are using models for 
predicting application rates and manure applicator designers can do this as well once a model 
has been developed. Particle size distribution is important because ballistic action on 
different particle sizes may cause them to travel different distances when thrown. Therefore, 
it is desirable to know how these differences affect the spread patterns of solid manure 
spreaders. 
Model Literature Review 
Mathematical models of actual manure applications are useful for better 
understanding of what is happening during the application process. Fulton et al. (2001) 
discuss the ability of a model to predict the application rates of granular fertilizer as it was 
applied to the ground during variable rate application. Their model, a sigmoidal function for 
the increasing application rate and a linear function for the decreasing rate changes, did a 
good job of predicting the actual rate across the swath based on test results. However, to be 
able to do this type of modeling for manure spreaders much more information is needed. 
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Grift et al. (2002) also developed a model that was used to predict the spread pattern of a 
broadcast fertilizer spreader. The testing of this model was based on ASAE Standard S341.3. 
This model's main goal was to predict spread pattern as fertilizer left the spreader rather than 
actually measuring the pattern after it landed on the ground, to speed up the testing of 
fertilizer spreaders for governmental regulations. The velocities of the particles were 
measured as they left the spreader through the use of an optical sensor, which was possible 
because relatively uniform particle sizes were used for the testing. 
Particle size distribution has an affect on how the manure falls into the pattern once it 
leaves the manure spreader. Moller et al.( 2002) state that particle size distributions vary 
depending on diet of the animal, the type of material that is used for bedding, and how the 
manure has been taken care of once it is removed from where the animals are. Landry et al. 
(2002a) discuss particle sizes and interactions while they are still in the manure spreader but 
not what happens once they leave the spreader. Landry et al. (2002b) also discuss the 
different physical characteristics of different manures, including bulk density, angle of 
repose, and particle size, and how they compare and differ with each other. Servais et al. 
(2002) investigated the flow rheology and particle sizes with a moving fluid (liquid 
chocolate), which is more related to liquid manure than solid manure. Wilhoit et al. (1993) 
used particle size distribution as a factor in determining spread pattern of a double-spinner 
poultry spreader. They found that larger particles were thrown farther than smaller particles. 
However, their analysis did not further investigate what caused the separation of the different 
particle sizes. 
Coefficients of drag play an important factor in how objects move through the air, 
and are affected by particle shape, size, and surface characteristics. Tabak and Wolf (1998) 
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measured coefficients of drag based on surface textures of cottonseeds. They stated that the 
cottonseeds have a different coefficient of drag than a sphere of the same diameter due to the 
difference in surface texture. Manure particles also have different textured surfaces, which 
are expected to vary with many of the same factors that affect particle size. No model was 
found in the literature that describes the effect of manure particle size and drag coefficients 
on spread pattern, or that predicts the distance manure is thrown. 
Objectives 
To measure particle size distribution at different distances from the beater and their 
relationship to the overall spread pattern of manure spreaders. 
To create a model to predict the distance different particle sizes are thrown from the 
manure spreader. 
To compare the model to actual experimental data using spread patterns measured in 
the field. 
Methods and Materials 
Field particle size collection 
Two spreaders, one rear-delivery and one side-delivery, were used for this portion of 
the study. The rear-delivery spreader was a New Idea 3739 (Agco/New Idea, Hesston, KS) 
and the side-delivery spreader was a Knight Pro-Twin Slinger 8018 (Knight Manufacturing, 
Brodhead, WI). These spreaders were described in detail in Chapter 2 on the distribution 
experiments (Norman et al. 2003). 
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Spreader application rate is affected by apron speed (rear-delivery) or gate position 
(side-delivery), and was set at the highest rate for both spreaders. For the rear-delivery 
spreader the apron speed was six. For the side-delivery spreader the deflector position was 
set at zero (no deflection) and the gate was fully open. The power-take-off (PTO) speed for 
the rear-delivery spreader was 540 revolutions per minute and for the side-delivery spreader 
1000 revolutions per minute (RPM). The beater speed for the side delivery spreader was 840 
RPM. 
The collection trays were laid out as detailed in Chapter 2 (Norman et al., 2003). The 
rear delivery trays were laid out perpendicular to the direction of travel. Two rows of eight 
trays were laid on the ground while two trays in wheel tracks were dropped by solenoid-
controlled magnets during passage of the spreader. The eight trays were positioned with two 
trays between the wheel tracks of the spreader and three on each side of the wheels. The 
trays were spaced on 0.76 m (2.5ft) centers except for the wheel track areas. The side-
delivery spreader's tray layout was to the side of the spreader on 2.3 m (7.5 ft) centers. 
There was a tray in the center of every third row spacing (previous row spacing was 0. 76 m 
(30 in.)). Manure was thrown from the side-delivery spreader over a 22.8 m (75-foot) 
interval. The first tray was 1.5m (5ft) away from the center of the beater and the rest of the 
ten trays were laid out accordingly. Two rows of trays were laid out for each plot. 
The manure was collected from the trays by scraping it into a cloth sack after the 
trays had been weighed. Sacks were 15 cm (6 in) wide by 23 cm (9 in) long, and closed by a 
drawstring. The cloth sack was selected to prevent moisture from condensing and to also 
allow for some drying of the material so that it would be easier to separate during later 
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particle size analysis. If there was more manure than could fit in to one sack the excess was 
discarded. 
Manure was separated for a particle size analysis within a week of being collected. 
The separator that was used was a table top model (RX-86/B) (Seedburo Equipment 
Company, Chicago, IL). The sieve sizes were 0.0254 m, 0.0191 m, 0.0159 m, 0.0127 m, 
0.0095 m, (64/64 in, 48/64 in, 40/64 in, 32/64 in, 24/64 in) with a collection pan for the fines. 
Each sack was weighed before pouring onto the sieves. The manure was shaken for one 
minute after it was poured out of the sack into the top sieve. The empty sack was then 
weighed, to get a total weight of manure that was being shaken. After shaking, the manure 
was carefully emptied from each of the sieves into a weighing pan that had been zeroed out 
on the scale. Each particle-size category's weight was recorded. 
The data were analyzed for both the rear-delivery and side-delivery spreaders. The 
weights and percentages of manure samples by particle size were calculated and Statistical 
Analysis Systems (SAS) software was used for statistical analysis of the results. 
Design of the model 
A distribution model was developed based on experimental results from the side-
delivery spreader. Because the beater of the rear-delivery spreader throws manure into each 
of the collection trays from various distances as the spreader passes over the trays, modeling 
this process was beyond the scope of this initial effort. Particle size distribution data from 
that spreader could be used to extend the model in the future. The side-delivery spreader, 
passing by at a constant distance from the trays, provided a simpler system for model 
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development. Based on the physics of this system, a mechanistic model was developed for 
particle flight as affected by forces of gravity and air drag. 
Particle flight in the x (horizontal) and y (vertical) directions are based on the three 
equations below and the free body diagram in Figure 3.1: 
Y: -mg - F sin 0 = my 
X :-Fcos0 = mx 
Where m= particle mass, kg 
g= gravitational constant, 9.81 m/s2 
F= air drag force, N 
8= angle of particle flight from horizontal, radians 
y = acceleration in the y direction 
x = acceleration in the x direction 
v=.Jx2 + y2 
v = velocity of the particle 
x = velocity of the particle in the x direction 
j, = velocity of the particle in the y direction 
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Figure 3 .1 : Free body diagram of forces acting on each particle in 
flight 
These equations were placed into Simulink., a graphical modeling program imbedded in 
Matlab (Matlab and Simulink. 2000, Ver 6.5 Release 13, The Mathworks. Inc., Natick, MA). 
The graphical model of the equations in Simulink are shown in Figure 3.2. The model starts 
with the initial flight conditions, including flight angle, manure density, particle size, and 
diameter and speed of the beater. The model simulates the incremental flight of the particle 






























































































































































Matlab code was written to be able to initiate and control the Simulink model. The 
full code is shown in appendix A. The first job of the Matlab code is to set the initial 
conditions of model and to define how long the model is to run. This code also provides a 
way for the user to save the data generated in the model to a separate file for use after the 
model has been run. The code can either be written for one or many different angles of 
initial flight. The Matlab code sets the initial conditions and then calls the Simulink model. 
The code also tells Matlab how to convert the information that is in Simulink into numbers 
that can be saved and used in other programs. The code produces six figures to help in 
visualizing the flight of the particle. The program also saves the following five variables for 
every time step: xdist, ydist, theta (that), time, and Reynolds. Xdist is the distance that the 
particle has moved in the x direction. Y dist is the distance that the particle has moved in the 
y direction. That is the angle of theta at which the particle is moving through the air. Time is 
the time step at which the computer is calculating the flight of the particle. Reynolds is the 
variable that represents the Reynolds number as it is being calculated during the flight of the 
particle. 
The initial conditions are as follows 
Mass is the mass of the particle based on the density and volume of the 
particle. Mass= Vol*rhom 
The diameter (d) of the particle is set by the user. (m) 
The density of the manure particle (rhom) is also set by the user. (kg/m3) 
The volume (Vol) of the particle size is based on the equation for the volume 
of a cylinder. A cylindrical shape was somewhat arbitrarily selected because it had a greater 
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drag coefficient than that of a sphere and seemed to correspond to the greater air drag needed 
to match model output with the experimental results. 
Vol= (¼:)• ir * d 3 ; (m3) Assumes that the length of the cylinder is equal to 
the diameter of the cylinder. 
Pa=aIT density, (Kg/m3) 
iJ,a= kinematic viscosity of air, (N*s/m2) 
The cylinder shaped particles are assumed to fly with their cylindrical axis parallel to 
the direction of travel so that 
The drag force that is acting on the particle is 
F=C O * P *V2 (ir*d2 J 
d 2 4 
F= Force of drag acting on the particle; (N) 
Cd= the coefficient of Drag 
V* *d Cd = f(Re) where Re= Pa 
µa 
V= particle velocity, (m/sec) 
d= diameter of the particle, (m) 
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Figure 3 .3: Cross-Section of the beater, used to determine the angles of release. 
The radius (r) of the beater and beater shaft speed are used to calculate the speed at 
which the particles are being thrown from the spreader. 
The rotational velocity (revolutions per minute) of the beater is represented by Ts. 
The velocity at which the particle leaves the beater is represented by Tss and 
calculated by the following formula. 
Tss =(Ts* tr* 2 * r )! 60 
The velocity of the particle in the x direction as it leaves the beater is represented by Vx and 
calculated by the following formula. .x = Vx = Tss * cos( 0) 
The velocity of the particle in the y direction as it leaves the beater is represented by 
Vy and calculated by the following formula. y =Vy= Tss * sin(0) 
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An initial condition was that the beater was measured as 0.59 m (23.5 in) above the 
ground, therefore they distance starts 0.59 m (23.5 in) above zero. Dimensions and 
measurements taken from the side-delivery spreader allowed for a release angle to be 
calculated. Figure 3.3 shows a cross-section of the spreader opening. The maximum and 
minimum release angles, 70° and 4.5° from horizontal respectively, were based on manure 
thrown from the tip of the beater through the opening in the cowling. The angle of the 
opening measured from the center of the beater shaft was 57.2°. For future use of the model, 
these angles and orientations can be changed depending upon specific spreader 
characteristics or intended design. 
Model correlation 
The model was fit to the data from the fall 2002 application experiment. The first 
step was to conduct a sensitivity analysis of the model. This was done to determine what 
variables were having the most influence on the model. The three main variables tested were 
beater radius from which the manure is released, density of the manure, and coefficient of 
drag on the particle. Each variable was tested at a set value and then at -60%, -30% and 
+30%, +60% of the set value. The coefficient of drag had the smallest but still noticeable 
effect on thrown particle distances calculated by the model, while the beater radius and 
density of the manure had the greatest effects. From measurements of the spreader 
dimensions, the beater radius was set at 0.2833 m to the tip of the beater. As previously 
indicated, the coefficient of drag assumed particles to be a cylindrical shape, and thus was set 
at 1. Originally the model was based on a spherical particle size but through the sensitivity 
analysis it was found that a cylindrical particle size would be a better fit. By holding the 
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radius and the coefficient of drag constant, the model was then only affected by the density 
of the particles, which were adjusted to match the model results with the experimental data. 
The model was tested for each particle size collected in the field analysis and for all 
angles between the maximum and minimum of the spreader geometry (Figure 3.3) to find the 
angle of maximum thrown in the x direction. It was found that 33° from horizontal is a good 
approximation of the angle that has the longest horizontal throw for all of the different 
particle sizes investigated. 
The actual distance thrown for the different particle sizes was found from 
experimental data. Each particle size has a different throw length. This length was found by 
taking the actual data and finding the total weight of each particle size by tray location 
(horizontal distance from the beater). Once the total amount of each particle size was found, 
then the throw distance to collect 80% of the total weight was calculated. The eightieth 
percentile was arbitrarily chosen because it is difficult to completely explain all of the data, 
some of which was thrown farther than other particles in the same size class. Liner 
interpolation between the tray positions was used to find the distance within which 80% of 
the manure would land. Using this 80% position the density of manure was adjusted to that 
which would result in throwing manure at this maximum distance from the angle of 33°. 
Once the model was adjusted for the correct densities to achieve the maximum throwing 
distance based on the 80%, the model was then checked for throw distances at the 20%. To 
do so the code was run for all acceptable throw angles from the spreader and the predicted 
distances were recorded. Once all the distances were found they were compared to the 
distance at which 20% of the total weight was calculated. 
66 
Results and Discussion 
The moisture contents for the manure used in the two experiments were measured as 
59% wet basis for the spring 2002 experiment and 39.5% wet basis for the fall 2002 
experiment from Chapter 2 (Norman et al., 2003). 
Particle size separation 
Particle sizes of 0.0254 min diameter and larger made up the greatest portion of the 
manure samples that were separated. The graph in Figure 3.4 shows the cumulative 
relationship of the manure samples from all of the trays from the side delivery spreader. All 
different particle sizes were present in each of the trays collected at the designated distances 
from the side-delivery spreader. Figure's 3.5 and 3.6 show the amounts of each of the 
different particle sizes for both the side delivery and the rear delivery spreader at the 
designated distances for each individual spreader. Both Figures 3.5 and 3.6 have the particle 
size 0.0254 m graphed on a separate y-axis so that it can be graphed with the rest of the 
particle sizes, and have the amounts from the other sizes be visible on the graph. The particle 
size distribution of each spreader is very similar to the distribution pattern found when 
looking at the application rates. Smaller particles from the rear-delivery spreader were 
distributed more uniformly in the range of -l .9m to 2. 7m then were the largest particles over 
the same range of distances. For the side-delivery spreader more large particles were found 
in trays both closer to and farther from the beater while the concentrations of the smaller 
particles were found to be closer to the spreader. 
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Figure 3.4: Cumulative amoW1t of manure collected per particle size for each tray 
spacing from the beater 
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Figure 3 .5: Average amoW1t of collected manure for each particle size range, based 
on distance thrown from the center of the beater on a side-delivery spreader 
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Figure 3.6: Average amounts of the different particle sizes at each tray location 
for the rear-delivery spreader 
Model check and discussion 
When correlating the model to the spring 2002 data, the procedure was the same as 
had been used to correlate it with the fall 2002 data. It was found that the spring data needed 
lower overall densities from those used for the fall data to make the model work. This most 
likely was necessary because of the spring 2002 manure having greater moisture content than 
that of the fall 2002 manure. A reason why the greater moisture resulted in lower densities 
could be that the manure was more cohesive and able to stick together around a pocket of air, 
thus creating the lower density. 
The model was checked to see if the minimum throw distance from the model would 
match that of distance of the actual locations at which 20% of the manure had been collected. 
Unfortunately the model did not explain the short distances at which manure had been 
69 
collected, which were considerably less than the minimum predicted throw distance. Table 
3.1 shows the predicted maximum and minimum throw distances of the model. The 
minimum throw distances were at the low and high end of the acceptable angles of throw. 
Figure 3.7 is a graph that depicts the percentages of the total amount of manure collected at 
each of the collection trays. The distances not taken into account by the model were the 
distances at which less than 51 % of the manure on an average of the different particles sizes 
could be collected. 
Table 3.1: Maximum and Minimum throw distances predicted by the model using a 
density of 400 kg/m3 for the particles. (spring 2002) 
Particle Size diameter (m) 
0.0254 0.02225 0.017463 0.014288 0.011113 0.004763 
Maximum 
Distance@ 17.1197 16.0568 13.9354 12.5025 10.74 6.0940 
33° (m) 
Minimum 
8.3858 8.1383 7.6515 6.991 5.889 3.1847 
Distance (m) 
Percent 
43%-76% 68%-98% 58%-83% 60%-74% 56%-79% 24%-61% 
predicted1 
a The portion of the cumulative range that is able to be predicted by the model. For example, at the 
largest particle size, 43% of the total mass of the particles landed closer to the beater than 8.39 m and 
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Figure 3.7: Percent of total mass collected per distance (spring 2002). 
This model allows estimation of particle densities for different particle size ranges, and then 
predicts where a particular particle size should fall. This would be useful knowledge when 
designing new manure spreaders in the future. Another place where this can be of use is in 
the area of mapping the probable location of manure in the field so that variable rate 
technology can be used on other pieces of equipment. The model can also be used to test 
different beater shaft speeds to see what that effect is on the distance of the particle throw. 
The model allows variables to be changed without a lot of design costs to build a prototype. 
Further areas of research include finding out which of the physical properties of manure have 
the greatest effect on the distance thrown from the spreader. A second area of additional 
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research would be to check the model against manure where the actual density was known. 
Thirdly, it would be useful to change the model to be able to account for the different 
moisture contents and use that information to help predict distances thrown. 
Conclusions 
For the side-delivery spreader the greatest amounts of the large particles fell either 
close to the spreader or at the far end of the spread pattern, while the greatest amounts of 
smaller particle sizes fell near the spreader. 
A model was created to predict the distance thrown for different densities of manure. 
However, there are some areas in which the model needs improvement. The model is not 
accurately predicting the distances for less then 51 % of the manure thrown. 
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Chapter 4-Solid manure application rate effects on corn yield and 
characteristics 
Introduction 
The ultimate purpose of manure application is to increase crop yield, so it is of 
interest to know whether the application variability demonstrated in Chapter 2: Solid Manure 
Distribution, by rear-and side-delivery spreaders, has serious implications for crop yield. To 
address this question, a study of the yield capabilities of com when manure is applied at 
different rates was undertaken during the 2002 growing season. This chapter provides the 
background, methods and results related to that investigation. 
Literature Review 
To best use manure as a replacement for commercial fertilizer requires an 
understanding of application rates effect on yield. An Extension bulletin (Blackmer, and 
Mallarino, 1996) published by Iowa State University, recommends an end of the season 
cornstalk nitrate test for all com that has manure applied to it. This test can indicate any 
underestimation of the amounts of nitrogen in the manure that was applied, as nitrogen 
stressed crops show a lower stalk nitrate concentration. Hanna et al. (2000) found that the 
yield of com was affected by the different ways that manure was incorporated; however, in 
that study only one application rate of liquid manure was applied for each of the treatments. 
Ma et al. ( 1999) studied grain yield based on different amounts of solid manure as it was 
added to the land at different times in the year. They also compared manure to commercial 
fertilizer. They found that manure applications increased grain yield by 15-50% over time. 
This was greater than the increases that could be found from just an addition of commercial 
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fertilizer. Eghball and Power (1999) came to the conclusion that manure and composted 
manure result in better com yields than that ofno fertilizer. They called for more research on 
the amount of nitrogen that is available from manure under different growing conditions. 
There is some information in the scientific literature on how different rates of liquid 
manure affect the yield and different constituents of grain, however fewer studies are 
available using solid manure treatments. A yield study was thus undertaken with the 
following objectives, to attempt to increase the useful information available. 
Objectives 
To measure the effect of different solid manure application rates on com yield. 
To measure the effect of different application rates on protein, starch, moisture 
content, oil, and density levels in the grain. 
To measure the relationship between the amount of manure applied to the land and 
the amount of nitrogen (N) taken up in the plant. 
Methods and Materials 
A study was conducted to measure the effects different application rates within a 
typical spreader pattern may have on the yield and characteristics of com. Specific indicators 
investigated included yield, moisture content, protein, oil, starch, and density (i.e. kernel 
density) of corn grain, and whether there was N stress on the crop. The manure used for this 
study was from the Iowa State University Beef Nutrition Farm, the same source as had been 
used for the majority of the manure spreader distribution tests. The manure nutrient values 
were based on samples of manure from the beef nutrition farm that were taken over a period 
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of 14 months. The average values of the sample were 42% total solids, 5.3 mg/g TKN, 2.6 
mg/g NH3-N, 2.6 mg/g P, and 9.6mg/g K. The range of application rates used for this 
experiment was based on the range of application rates measured from the distribution 
experiments and the nitrogen value of the manure. A treatment with zero manure application 
was used as a control. The experiment was a complete randomized block design. There 
were five blocks or replicates with seven treatments per block, which gave a total of 35 plots. 
Treatment application rates were 0, 5.6, 11.2, 16.8, 22.4, 28.0 and 33.6 Mg/ha (0, 5000, 
10000, 15000, 20000, 25000, and 30000 lbs/acre) per plot. Plot sizes were 3.05 m (10ft) 
long by 3.05 m (10ft) wide (four rows on thirty inch centers 10 ft long). The field was 
located on the Iowa State University Agricultural Engineering Research Center eight miles 
west of Ames, Iowa. The manure was hand applied with pitch forks within each plot to 
provide a similar application as a spreader. The manure was weighed into buckets before 
spreading to achieve the application rate desired. The manure was partially incorporated 
between the rows by a rotary hoe shortly after application. Normal production practices were 
followed for the remainder of the growing season, with no other fertilizer being applied. 
The com was harvested by hand from one of the inner rows within each plot, picking 
every ear in the 3.05 m (ten foot) span. The yields were based on the total ear weight for the 
sampled row from the plot, (Schmidt, 1948) and adjusted for moisture content. Details on 
this conversion are provided in the results section. 
Samples of the harvested ears were then hand shelled, and the grain was taken for 
additional testing. Grain samples collected from each plot were analyzed for moisture 
content, starch, protein, density, and oil by the Grain Quality Lab at Iowa State University. 
Stalk samples were also taken from an inner row within each plot for end-of-the-season 
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cornstalk nitrate tests. The cornstalk samples were taken according to the ISU University 
Extension bulletin PM 1584 on cornstalk testing. These were analyzed to assess any nitrogen 
stress on the com plants during the growing season. Means of yield and other com 
characteristics at different manure application rates were analyzed using a statistical analysis 
of variance to determine if differences existed between application rates. 
Results and Discussion 
Grain yield is a well established indicator of nutrient availability, and in this study 
was measured by collecting harvesting ears and converting ear yield to bushels of grain. The 
bushels were calculated from Figure 1 in How to Reduce Ear Com to Bushels of Shelled 
Com, by J.L. Schmidt (1948). This method uses the moisture contents of the grain along 
with an assumed com characteristic [ six in this case] to estimate the amount of ear com that 
would be in a bushel (56 lbs) of dry shelled com. The com quality was estimated to be about 
six, where average quality com falls between 5 and l 0. 
The results of the statistical analysis for grain yield, grain constituents, and stalk 
nitrate are tabulated by treatments in Table 4.1. The yield was significantly different at the 
95% confidence level when comparing yield across various amounts of manure applied. The 
four highest manure application rates resulted in yields that were statistically greater than 
yield from the control treatment receiving no manure. Protein proved to be significantly 
different at the 90% confidence level, although it was not linearly related to the amount of 
manure applied. The amount of moisture content, oil, starch, and density in the com kernels 
were not significantly different among treatments. Results for the fall stalk nitrate test were 
not significantly different among the treatments. Based on the generally high yields for the 
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year 2002 on this particular field, it appeared that the crop had enough nutrients for this 
particular growing season. 
An economic analysis of the value of the manure applied to the com was also 
undertaken. The yield was plotted against the application rate in Mg/ ha (tons/acre) and then 
a quadratic equation line was fit to the data. The following is the equation that SAS 
outputted to fit a quadric curve to the data. 
yield= 10450+ 104.34MR-l.488MR2 
(yield= 166.52+3.642* MR +-0.1123* MR 2 ). 
yield= com yield in Kg/ha (bu./acre) 
MR= manure application rate in Mg/ha (tons/acre) 
The value of the manure was set to be equal to the value of the commercial fertilizer that is 
needed to apply the similar values ofN, P, and K. At $37.70 per Mg ($33.65/ ton or 
$0.02/lb) the manure has clear fertilizer value, not even considering other positive soil 
quality effects. Assuming a value of com at $78.73/Mg ($2.00/bu), the economic analysis 
shows that this particular manure can be applied up to an optimal amount of 25 Mg/ha and 
recover the cost of the manure in the increase in yield. The equations that were used in the 
economic analysis were the following: 
Value of com/ha= (yield/1000)* $78. 73/Mg (yield*$2.00/bu= $/acre) 
Value of manure/ha= MR*$37.70/Mg ($/acre=manure*$33.65/ton) 
The optimal amount of manure is the rate at which the value of com equal the cost of the 
manure applied. Once the application rate is above the optimal amount, the cost of the 
manure exceeds the value of the com that can be grown. 
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Table 4.1: Yield Experiment Fall 2002 treatments of application rates 
Treatment Yield Moisture Protein Oil Starch Density Nitrogen 
Content 
bu/acre Mg/ha % % % % glee ppm 
NO3-N 
0 kg/ha(0 165 10.35 16.220 6.40 3.50 61.34 1.25 26.8 
lb/100ft2) 
5.60 Mg/ha 178 11.20 16.860 6.00 3.64 61.42 1.25 26.3 
(ll.48 lb/100 
ft2) 
11.2 Mg/ha 178 11.20 16.74 6.18 3.62 61.40 1.24 24.0 
(22.96 lb/100 
ft2) 
16.8 Mg/ha 193 12.10 17.3 6.56 3.60 60.98 1.25 49.2 
(34.44 lb/100 
fr) 
22.4 Mg/ha 191 12.00 16.78 6.70 3.66 60.64 1.26 27.1 
(45.91 lb/100 
fr) 
28.0 Mg/ha 189 11.88 17.38 6.82 3.58 60.74 1.26 47.7 
(57.39 lb/100 
fr) 
33.6 Mg/ha 199 12.46 16.78 6.24 3.62 61.3 1.250 23.5 
(68.87 lb/100 
ft2) 
LSD 21 1.32 NSa NSa NSa NSa NSa NSa 
alpha=0.05 
a Treatments values within the column were not significantly different 
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Conclusions 
The yield study resulted in a very good crop yield for the experiment; with an overall 
average yield of 11.76 Mg/ha (187 bushel/ acre). The ability to distinguish the effects of 
different rates of manure application was limited by the good growing season of 2002. 
However, even under good growing conditions, results indicate that manure does increase the 
yield if it is applied. The yield with no manure was 10350 kg/ha (165 bu/acre), while the 
yield with the rate of 33.6 Mg/ha (300001b /acre) was 12.46 Mg/ha (199 bu/acre). There 
were no statistical effects of manure application rate on moisture content, oil, starch, density, 
nitrogen content and protein. It was concluded that manure can be economically applied up 
to 25 Mg/ha, with the cost of the application recovered in the increase in corn yield. 
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Chapter 5-0verall conclusions 
Summary 
The main objectives of this project were: 
1. To evaluate the uniformity of existing solid manure spreaders 
2. To provide recommendations for equipment operating strategies to 
improve uniformity of solid manure distribution on cropland 
3. To better understand how particle size distribution affects the spread 
pattern from the manure spreaders 
4. To create a model that can predict the distance of different particle 
sizes when they are thrown form the manure spreader. 
5. To compare a model with actual data 
6. To measure the effect of different solid manure application rates on 
com yield. 
7. To measure the effect of different application rates on protein, 
starch, moisture content, oil, and density levels in the grain. 
8. To measure the relationship between the amount of manure applied 
to the land and the amount of nitrogen (N) taken up in the plant. 
It is based on these objectives and the research conducted that the following conclusions are 
made. 
The first two objectives were addressed by the following conclusions. For rear-
delivery spreaders, load phase of the spreader (beginning, middle, and end) had little effect 
on the distribution of the manure across the swath. Apron speed does affect the spread 
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pattern. There was a difference in both application rate (1995 kg/ha@ speed 1, 28990 kg/ha 
@ speed 6) and CV (24 % at apron speeds 1 & 3 to 12 % at apron speed 4) when different 
apron speeds were used. Uniformity was similar for both one- and two-rear beater spread 
patterns. In one experiment with a side delivery spreader, a mid-deflector position improved 
across-swath uniformity; however, this position decreased uniformity in another experiment. 
High across-swath CV's were usually lowered when spread patterns were overlapped. The 
application and uniformity graphs developed in this analysis are useful in predicting the 
uniformity of the spread pattern, allowing farmers to choose an overlap distance for a given 
application rate. 
Objectives 3-5 were addressed by modeling the spread patterns for individual 
particles, and calibrating the model against particle size distribution data from the side-
delivery application trials. The greatest amounts of the large particles fell either close to the 
beater or at the end of the spread pattern, while the greatest amounts of smaller particle sizes 
fell near the spreader. The model predicted the distance thrown by estimating different 
densities for the manure particle sizes. However, there are some areas in which the model 
needs improvement. The model as currently implemented does not accurately predict the 
distances for 51 % of the manure thrown. 
The last three objectives dealt with application of the manure and the reaction of com 
to the application rates; the following are the conclusions for those objectives. The yield 
study resulted in a very good crop yield for the experiment; with an overall average yield of 
11. 76 Mg/ha (187 bushel/ acre). The ability to distinguish the effects of different rates of 
manure application was limited by the good growing season of 2002. However, even under 
good growing conditions, results indicate that manure does increase the yield relative to a no 
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manure control. The yield with no manure was 10350 kg/ha (165 bu/acre) while the yield 
with the rate of 33.6 Mg/ha (300001b /acre) manure was 12.46 Mg/ha (199 bu/acre). No 
effects of manure application rate on grain were significant with respect to moisture content, 
oil, starch, density, nitrogen content or protein. Economic analysis indicated that manure can 
be applied up to 25 Mg/ha and the cost of the application can be recovered in the increase in 
corn yield. 
New Programs 
This study resulted in several innovative analytical approaches that should further 
knowledge and understanding about solid manure spreading. A program was created to be 
able to calculate overlap patterns and evaluate their effect on application uniformity quickly. 
This was beneficial in creating the application and uniformity charts. These were created to 
be of use for applicators of manure when they are making their decisions on how the spreader 
will be set up for each field. A mechanistic model was created to be able to predict the 
distance that manure can be thrown from the spreader. This was done so that changes in 
current manure spreader design could be theoretically tested before actual spreaders were 
built or modified. 
Future Study 
There are many opportunities for future study that were generated by this project, as it 
was undertaken as a first effort on gathering information on spreading patterns of solid 
manure spreaders. Improving the mechanistic model such that it would be able to 
incorporate both rear and side delivery models of solid manure spreaders would be a major 
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improvement with significant practical value. Another place where the model is in need of 
improvement is that it is currently unable to have the user enter the rheological properties of 
the manure and take those properties into account. A better understanding of what the 
important characteristics of solid manure are also clearly of value. Finally, there is a need to 
test the application and uniformity charts for accuracy and ease of use before they will be 
ready for widespread distribution to farmers and manure applicators. 
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Appendix A: Matlab Code 
%Matlab code for the system 
% Declare system variables here. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% 
% this program was created by Holly A. Norman 
% Feb. 25, 2003 for use in her thesis 





% constants of the system 
% mass is the mass of the particle in SI units 
¾mass=.013728 %kg 10 grams 





r=.2286 %meters radius of the beater 
v= 1.46E-5 % m"2/s the kinematic viscosity of the fluid (air) 
g=9.81 % mfs/\2 acceleration do to gravity 
% sp is the shape of the object 1 = sphere; 2= cylinder 
sp=l 
rho= l .23E0 %kg/m/\3 the density of air 
A= (pi* d/\2)/4 % frontal area of the object moving though the fluid 
%Vx is the initial velocity in the x direction 
% Vy is the initial velocity in they direction 
% Ts is the Tip speed of the spreader beater 
Ts=850 %rev/min 
Tss=(Ts*pi*2*r)/60 % velocity in mis 
% Theta is the angle that the particle leaves the beater in radians 






results=[ 1 1 1 1 1]; 
resultdd=[l 1 1 1 1]; 
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%Here is where the user will enter the name of the file where the results will be saved 
% the file is saved in the current directory 
name=input('Please enter filename so results can be saved"\n','s'); 







[x,y] = sim('dragmodel32003cd7newheight',5); 
%sim ('dragmodel', 10); 
time= YDIST.time; 
YDIST = YDIST.signals.values; 
XDIST = XDIST.signals.values; 
THAT= THAT.signals.values; 
reynolds=reynolds.signals. values; 
%time(:,index) = YDIST.time; 







plot(time(l: 1 :j+ 1 ),YDIST(l: 1 :j+ 1)); 




plot(time(l: 1 :j+ 1 ), XDIST(l: 1 :j+ 1 )); 





%title('X traveled vs Y traveled') 
%xlabel('x in m '); 




%title('distance y travel before hitting ground') 
%xlabel('time (seconds)'); 
%ylabel('y distance in m'); 
figure (5); 
plot(XDIST(l :1 :j+ l),YDIST(l :1 :j+ 1)); 
title(' particle path'); 
xlabel('x in m '); 
ylabel('y in m'); 
figure (6); 
plot(time(l :1 :j+ 1),THAT(l :1 :j+ 1)); 
title('angle of flight'); 
xlabel('time, seconds'); 
ylabel('angle of fight in radian'); 
Theta=Theta 
%save XDIST YDIST THAT time; 
%save('results,j','XDIST','YDIST','THAT','time'); 
b=[XDIST YDIST THAT time reynolds]; 




dlmwrite(name ,results, ','); 
dlmwrite(name2 ,resultdd, ','); 
end 
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Appendix B: Spring 2001 
Table of Data that was put into SAS for Spring 2001, Rear-delivery spreader 
SPEED= apron speed 
HCV= Horizontal Coefficient of variation,% 
SP$= load location in spreader 
LCV= Longitudinal Coefficient of variation,% (later deemed unnecessary) 
Rate= application rate, lb/acre 
SPEED HCV PLOT SP$ LCV RATE 
1 110.2598 1 B 37.2287 1217.782 
1 119.7673 2 B 42.2157 869.8594 
1 113.1580 3 B 30.1657 1542.206 
3 100.7471 1 B 26.1520 14094.37 
3 103.1925 2 B 25.6256 20519.21 
3 130.6220 3 B 36.1188 19649.39 
4 123.6859 1 B 17.2677 9488.327 
4 98.64257 2 B 20.2027 13796.05 
4 121.5176 3 B 3.9243 22713.56 
6 107.3086 1 B 19.0600 20920.94 
6 118.1901 2 B 22.3655 29326.98 
6 108.6242 3 B 13.5248 25090.29 
1 106.2691 1 M 9.2294 1315.064 
1 118.3553 2 M 8.6556 2350.833 
1 145.6409 3 M 2.8684 2489.045 
3 112.3084 1 M 38.9418 21863.35 
3 117.1215 2 M 2.4682 16921.58 
3 154.6792 3 M 68.2673 23813.58 
4 120.0654 1 M 16.3912 15136.26 
4 113.9508 2 M 2.0615 26321.04 
4 99.49099 3 M 20.6849 19794.95 
6 107.7308 1 M 19.4451 24750.66 
6 104.3344 2 M 10.8250 33554.44 
6 98.96196 3 M 14.4994 25925.15 
1 142.4433 1 E 18.6930 3437.456 
1 103.3405 2 E 15.6377 1540.895 
1 155.0368 3 E 48.3444 1254.834 
3 81.3193 1 E 10.7087 10733.98 
3 100.0871 2 E 00.6910 12397.41 
3 211.7955 3 E 06.1867 14937.33 
4 95.70893 1 E 9.03510 8336.689 
4 97.20662 2 E 6.15512 9743.538 
4 95.05768 3 E 16.6214 10545.25 
6 106.5339 1 E 18.1402 23536 
6 109.5649 2 E 16.1771 26392.1 
6 77.72441 3 E 5.1986 23278.55 
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Appendix C: Fall 2001 
Table of Data that went into SAS for Fall 2001 
Spreader = the type of spreader used K = side-delivery N= rear-delivery 
Plot was the replication of the experiment HCV = the Horizontal Coefficient of Variation 
GA TE = the gate position on the side delivery spreader H=halfopen F= Fully open 
DEFCLT= the deflection angle of the deflector on the side delivery spreader 
SPEED = the speed at which the apron was moving in the spreaders 
LCV = Longitudinal coefficient of variation (later deemed not necessary do to how it was calculated) 
Rate= application rate, lbs/acre 
SPREADER PLOT HCV GATE DEFCLT SPEED LCV Rate 
K 1 224.774 H 90 80.54983 6802.807 
K 2 207.7193 H 90 11.83207 3167.912 
K 3 128.119 H 90 15.71348 2612.581 
K 28.8342 H 67 18.71753 1716.478 
K 2 46.65382 H 67 16.13532 1880.553 
K 3 67.23926 H 67 3.449301 2069.871 
K 1 45.48907 H 45 6.3323 1691.236 
K 2 69.2776 H 45 16.52977 1943.659 
K 3 58.00254 H 45 7.190916 1489.297 
K 1 90.29335 H 0 23.75879 1577.645 
K 2 104.4563 H 0 42.42641 1262.116 
K 3 159.4391 H 0 89.86874 2562.096 
K 91.99162 F 90 18.51946 2120.355 
K 2 85.39553 F 90 32.6357 1804.826 
K 3 98.24987 F 90 39.78974 3723.243 
K 46.31834 F 67 1.274066 2801.898 
K 2 43.92005 F 67 3.288869 2170.84 
K 3 52.47988 F 67 20.86545 2309.673 
K 1 70.47773 F 45 5.656854 1577.645 
K 2 47.97959 F 45 33.133 2208.704 
K 3 74.73382 F 45 2.571297 2082.492 
K 1 81.61653 F 0 13.15547 2170.84 
K 2 103. 1807 F 0 32.32488 1766.963 
K 3 127.2769 F 0 17.29614 1754.342 
N 1 141.2015 0 2.61847 681.6583 
N 2 104.2412 0 17.80915 1994.456 
N 3 141.3436 0 1 5.434302 1970.706 
N 101.0625 0 3 23.91395 14554.51 
N 2 83.60726 0 3 2.19257 9768.823 
N 3 112.0042 0 3 53.72153 17243.81 
N 1 106.371 0 4 31.33706 18454.45 
N 2 105.9583 0 4 14.58273 16646.17 
N 3 96.94493 0 4 11.81794 14046. 1 
N 1 89.90825 0 6 11.44592 18245.24 
N 2 95.23959 0 6 8.49941 20370.3 
N 3 87.3859 0 6 5.911983 23851.09 
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Appendix D: Spring 2002 
Table of Data for what went into SAS for Spring 2002 
Gate= gate position on the side delivery spreader, H= half open F= full open 
Plot indicated the number of replications 
Deflect= the deflection angle on the deflector of the side delivery spreader 
HCV= horizontal coefficient of variation 
LCV = longitudinal coefficient of variation (later deemed unnecessary) 
Rate = application rate of manure 
Gate Plot Deflect HCV LCV Rate 
H 1 76 75.4615 56.5685 504.8465 
H 2 76 153.2065 63.6396 252.4233 
H 3 76 160.0461 32.1102 1306.2904 
H 1 0 193.1192 12.8565 485.9148 
H 2 0 139.0062 1.5207 586.8841 
H 3 0 100.0753 3.8923 687.8534 
H 1 45 187.7194 19.4108 643.6793 
H 2 45 149.4276 49.3852 795.1333 
H 3 45 139.7722 12.8565 555.3312 
H 1 67 140.7948 6.2576 713.0957 
H 2 67 149.9886 15.7135 454.3619 
H 3 67 232.1513 31.4270 340.7714 
H 1 56 161.4265 41.0578 978.1401 
H 2 56 156.0650 4.3381 1028.6248 
H 3 56 147.4390 7.5425 946.5872 
H 1 34 176.9444 11.2636 713.0957 
H 2 34 159.5745 22.4478 795.1333 
H 3 34 164.0536 4.7140 378.6349 
F 1 76 60.6215 42.2427 485.9148 
F 2 76 170.9872 41.5945 643.6793 
F 3 76 129.7214 11.2427 1508.2290 
F 1 0 164.4407 51.7172 1949.9697 
F 2 0 136.7543 46.2161 1931.0380 
F 3 0 79.1666 61.5046 2278.1200 
F 1 45 69.2819 5.8364 1987.8332 
F 2 45 194.4703 53.8282 3647.5162 
F 3 45 111.5447 15.2613 2631.5125 
F 1 67 74.0186 12.2694 1382.0174 
F 2 67 118.7551 14.1911 1823.7581 
F 3 67 125.2229 8.2443 1407.2597 
F 56 108.6296 6.1902 1874.2427 
F 2 56 89.1338 3.5560 3262.5707 
F 3 56 130.9073 2.4936 2505.3009 
F 1 34 159.9470 29.2138 2688.3078 
F 2 34 73.0267 46.6181 2278.1200 
F 3 34 153.0930 4.0101 3338.2977 
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Appendix E: Fall 2002 
Table of data from Fall 2002 
Spreader= the different types of spreaders used; K = side-delivery; N= rear-delivery 
Plot= number of replications 
HorCV = horizontal coefficient of variation, % 
Deflect = deflection angle of deflector on side delivery spreader 
Speed= apron speed of spreader 
Rate = application rate of manure, lb/acre 
LongCV = longitudinal coefficient of variation,% (later deemed unnecessary) 
Beater= # of beaters on rear delivery spreader 
Spreader Plot HorCV Deflect Speed Rate LongCV Beater 
K A 39.75403 0 2568.407 21.89078 
K B 69.7622 0 2410.642 32.57874 
K C 63.47457 0 2290.741 40.12782 
K A 56.41356 45 1754.342 14.24388 
K B 67.44175 45 2076.181 15.04483 
K C 72.52826 45 2480.059 39.94344 
K A 51.28281 57 2379.089 4.126353 
K B 88.65047 57 2953.352 41.0968 
K C 97.46026 57 1968.901 10.87857 
K A 50.86694 67 3136.359 31.01595 
K B 78.38746 67 2416.953 9.969652 
K C 75.79001 67 2120.355 50.50763 
N A 94.9563 3 17757.98 63.57213 1 
N B 122.1126 3 11851.27 10.54891 1 
N C 99.36727 3 10993.03 22.0235 1 
N A 88.65755 6 20944.82 10.01088 1 
N B 102.4659 6 24977.28 5.49579 1 
N C 103.462 6 25046.7 26.53396 1 
N A 96.57262 3 10835.27 24.4936 2 
N B 114.5546 3 3868.387 23.93284 2 
N C 109.6415 3 8702.292 18.61667 2 
N A 121.5012 6 21601.12 2.479054 2 
N B 98.88086 6 32070.38 25.90816 2 
N C 101.88 6 32146.1 20.33994 2 
92 
Appendix F: 6x6 test Fall 2002 
Table of Data that was used for the 6x6 test 
Spreader= type of spreader used; K=side-delivery, N=rear-delivery 
Rep = # of replication 
Row= the row of the tray A-F 
Column = the column of the trays 1-6 
CV= the coefficient of variation for the row or column 
Ave rate (kg/ha)= application rate of manure in kg/ha 
Spreader Rep Row Column CV AVE Rate 
(kg/ha) 
K A A 53.55 3913.88 
K B A 52.20 4126.08 
K C A 66.36 4055.35 
K A B 40.58 2852.89 
K B B 53.55 3395.17 
K C B 62.69 2522.80 
K A C 63.88 3371.60 
K B C 68.04 4126.08 
K C C 60.03 4031.77 
K A D 28.73 2900.04 
K B D 62.93 3607.37 
K C D 65.07 3574.36 
K A E 38.12 3230.13 
K B E 43.27 2900.04 
K C E 65.24 2664.27 
K A F 114.39 7827.76 
K B F 70.16 2522.80 
K C F 46.09 2310.60 
K A 1 162.93 5965.13 
K B 1 41.25 1956.94 
K C 1 90.21 2994.35 
K A 2 40.10 4432.59 
K B 2 42.64 5870.82 
K C 2 42.40 3725.26 
K A 3 31.60 3890.30 
K B 3 46.14 4243.97 
K C 3 45.21 4597.63 
K A 4 38.95 4503.32 
K B 4 35.67 3866.73 
K C 4 68.41 3442.33 
K A 5 46.67 2852.89 
K B 5 41.32 2664.27 
K C 5 64.55 2678.42 
K A 6 39.91 2452.07 
K B 6 39.21 2074.83 
K C 6 40.74 1721.16 
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N A A 105.31 28363.85 
N B A 100.02 53662.61 
N C A 110.02 32537.08 
N A B 143.51 29424.84 
N B B 88.81 36238.77 
N C B 107.86 43406.36 
N A C 122.44 32489.93 
N B C 101.33 38360.75 
N C C 88.85 40647.78 
N A D 134.00 47249.50 
N B D 93.40 37818.47 
N C D 95.39 34281.83 
N A E 116.22 32678.55 
N B E 84.80 34234.67 
N C E 93.89 21997.90 
N A F 126.00 32230.58 
N B F 100.47 31829.76 
N C F 108.46 31617.56 
N A 1 111.34 259.35 
N B 1 95.93 966.68 
N C 1 226.08 3630.95 
N A 2 71.30 2499.23 
N B 2 120.44 7615.56 
N C 2 109.75 4951.30 
N A 3 30.73 103458.50 
N B 3 20.53 81696.37 
N C 3 28.30 64131.06 
N A 4 29.59 61254.60 
N B 4 55.35 78984.95 
N C 4 52.73 82757.37 
N A 5 79.73 26548.37 
N B 5 23.82 34847.69 
N C 5 21.16 34918.42 
N A 6 99.26 8417.20 
N B 6 68.12 28033.76 
N C 6 52.33 14099.40 
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Appendix G: Application rate study Spring 2002 
Table of what went into SAS for the Application Rate Study Spring 2002 
Plot bu/acre Amount block Row Moisture Protein Oil Starch Density Nitrogen 
applied 
lbs/100ft2) 
1 146.5651 0 A 1 16.1 7.6 3.7 60.0 1.26 24 
2 184.6707 57.635 F 1 19.0 6.4 3.5 60.9 1.25 15 
3 166.4215 22.955 C 1 17.0 5.9 3.7 61.4 1.22 27.5 
4 188.6599 34.265 D 1 18.0 6.5 3.8 60.9 1.25 28.5 
5 186.34 68.37 G 1 15.3 5.9 3.6 61.8 1.24 23.5 
6 157.0667 11.41 B 1 16.7 5.5 3.9 61.7 1.22 15 
7 203.9676 46.06 E 1 13.9 6.4 3.8 61.2 1.25 29 
8 195.3384 34.43 D 2 17.9 6.8 3.7 60.6 1.26 123.5 
9 199.9322 45.875 E 2 19.5 7.1 3.7 59.9 1.26 30 
10 177.6046 23.2 C 2 17.1 6.2 3.7 61.1 1.25 30.5 
11 196.3505 57.49 F 2 17.7 6.6 3.6 60.9 1.25 40.5 
12 212.0198 68.725 G 2 17.3 6.4 3.7 61.0 1.26 19.5 
13 184.4245 11.465 B 2 17.4 6.3 3.6 61.2 1.25 15 
14 147.3678 0 A 2 16.9 6.1 3.4 61.2 1.24 18.5 
15 190.0688 68.955 G 3 15.4 5.9 3.5 61.9 1.25 18.5 
16 173.2611 0 A 3 16.1 6.0 3.6 61.8 1.24 36 
17 189.4438 57.16 F 3 17.7 6.7 3.5 60.8 1.26 15 
18 218.8454 46.135 E 3 18.3 6.7 3.8 60.3 1.25 30 
19 184.6944 22.96 C 3 15.3 6.2 3.6 61.9 1.25 32 
20 196.199 11.405 B 3 17.3 6.3 3.5 61.0 1.26 59.5 
21 201.9275 34.205 D 3 14.7 6.1 3.6 61.6 1.25 47 
22 205.4049 68.7 G 4 18.0 6.8 3.7 60.7 1.25 32 
23 180.3265 34.425 D 4 16.7 6.3 3.6 61.2 1.26 27.5 
24 198.0214 23.1 C 4 17.7 6.6 3.5 60.9 1.26 15 
25 213.0263 57.405 F 4 15.6 6.9 3.5 61.0 1.26 94 
26 188.9218 0 A 4 15.9 6.2 3.5 61.7 1.25 37.5 
27 182.6557 45.91 E 4 14.5 6.3 3.4 61.5 1.26 23.5 
28 163.489 11.475 B 4 15.8 5.5 3.5 62.0 1.24 15 
29 165.0242 23.005 C 5 16.6 6.0 3.6 61.7 1.23 15 
30 168.841 0 A 5 16.1 6.1 3.3 61.7 1.25 18 
31 190.2701 11.51 B 5 17.1 6.4 3.7 60.9 1.26 27 
32 150.8521 45.95 E 5 17.7 7.0 3.6 60.3 1.26 23 
33 197.7449 34.135 D 5 19.2 7.1 3.3 60.6 1.25 19.5 
34 198.8245 
35 162.8611 
69.35 
57.605 
G 
F 
5 
5 
95 
17.9 
16.9 
6.2 
7.5 
3.6 61.1 
3.8 60.1 
1.25 
1.26 
24 
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